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ABSTRACT 
A far infrared interferometer has been interfaced 
to a microcomputer and programs developed to enable fourier 
transform spectroscopy to be carried out in real time. 
A He 3 cooled bolometer-superconducting magnet system 
has been constructed for far infrared Zeeman spectroscopy. 
The bolometer element is magnetically shielded from the 
field using superconducting lead. 
The theory of the transmission of polarized radiation 
through slabs of non-isotropic dielectric crystals mounted 
on a dielectric substrate is developed. The resulting 
equations allow general features of far infrared transmission 
spectra to be examined. For example they show that for 
"thicker" crystals, the transverse optical mode absorption 
lines are asymmetric while the longitudinal optical mode 
absorption lines are symmetric. For large angles of incidence, 
an extra absorption line is predicted to occur above the 
longitudinal optic mode frequency for crystals of low dielectric 
constant. 
The infrared-active phonon spectra of thirteen 
crystals of the CsNiC1 3 type structure are reported and 
assigned to specific lattice modes. 
Using polarized, Zeeman spectroscopy, two magnon lines 
are identified in the quasi 1 dimensional antiferromagnet 
-1 -1 RbCoBr 3 at 100.0±0.5 em and 120.0±0.5 em , each having a 
g value of 3.8±0.4. These lines are fitted using a perturbed 
Ising model to give a longitudinal interchain exchange 
strength of 51 cm-l and a relative longitudinal interchain 
exchange value of 0.06 for RbCoBr 3 at 1.7 K. 
-1 A possible antiresonance line is reported at 114.6 em 
for RbCoBr 3 and preliminary work is reported in the search for 
magnons in other CsNiC1 3 type crystals. 
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CHAPTER 1 
INTRODUCTION 
1.1 THE AIMS OF THIS WORK 
The first objective of this project was to upgrade the 
far infrared interferometer so that it would be under 
computer control and spectra could be obtained in real time. 
The second phase was to design and construct a sensitive, He 3 
cooled bolometer/superconducting magnet system to allow 
Zeeman studies of magnetic crystals, particularly those which 
are under intensive investigation by the solid state research 
group. 
With these improvements, a study of magnons in quasi 
one dimensional antiferromagnets of the CsNiC1 3 type 
structure was to be carried out. To do this it would first be 
necessary to have a full understanding of the phonons in 
these crystals. The phonon study also necessitated the 
development of the theory for the tran~mission of off-axis 
electromagnetic radiation through a non isotropic dielectric 
supported by an isotropic substrate. 
1.2 FAR INFRARED SPECTROSCOPY 
The standard sources available for the far infrared 
region of the electromagnetic spectrum are essentially black 
bodies. The radiation intensity produced by these sources in 
this -1 1 region (lOcm to lOOOcm ) is quite small since we are 
operating in the long wavelength tail of a blackbody curve. 
2 
Dispersive techniques further reduce the intensity at the 
detector by several orders of magnitude, These handicaps are 
minimized by using interferometric techniques (where all the 
radiation is incident on 
detectors. 
the detector) and sensitive 
Interferometry relies on the interference between two 
coherent radiation beams whose relative path difference can 
be varied. 
difference 
This produces a record of intensity versus path 
(an interferogram). A Fourier transform of the 
interferogram produces a plot of intensity versus frequency 
(a spectrum). 
A real time system calculates the spectrum as the 
interferogram is being produced. A low resolution spectrum 
can be calculated as soon as the first few points of the 
interferogram have been recorded. As more of the 
interferogram is collected (as the path difference is 
increased) so the resolution of the calculated spectrum 
increases. Thus a real time process enables decisions to be 
made on the suitability of the experimental conditions 
without waiting to collect a full interferogram. This 
represents a large increase in useful experimental time. The 
interfacing of a computer to the interferometer and the 
design of software to control the interferometer and to 
calculate spectra in real time was therefore a vital part of 
this project. 
rely on 
Detectors of thermal radiation (low 
the incoming radiation heating 
photon energy) 
the device and 
changing some measurable property of the device. This can be 
3 
gas pressure (as in the Golay cell), pyroelectricity 
(pyroelectric detector), electron mobility (InSb Rollin 
detector) or electrical resistance (bolometer). It is the 
latter that is the most common. 
Simple resistance thermometers can be used as 
bolometers. However for a very sensitive bolometer the change 
in resistance must be as large as possible for a given small 
heat input. The most sensitive use superconductors near their 
critical temperature. These have the serious defect that the 
temperature control of the element must be maintained to 
within 1/lOOOth of a.degree Kelvin. 
The most common type of bolometers use semiconductors 
such as carbon resistors or doped germanium crystals. For 
these, the temperature coefficient of resistance increases 
markedly at low temperatures so doped germanium bolometers 
are operated at the very low temperatures of 4.2K (liquid 
helium), l.SK (pumped liquid helium), 0.4K (pumped liquid He 3 
isotope) or O.lK (He 3 -He 4 dilution refrigerator). 
For this work a He 3 -cooled, germanium bolometer with a 
miniature, closed refrigerator was designed and built. This 
method of cooling was chosen because of the simplicity of the 
refrigerator design. The new bolometer along with a new 
cryostat was constructed so that a superconducting magnet 
could be incorporated into the system. This enabled 
investigations to be carried out on the effect of a magnetic 
field on excitations within a crystal. 
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1.3 MAGNONS IN CSNICL 3 TYPE CRYSTALS 
In a magnetically ordered structure in its lowest 
energy state the magnetic moment of a magnetic ion or atom is 
in a fixed direction with respect to the nearest magnetic 
neighbours. In a ferromagnetic material they are parallel; 
for a canted ferromagnet, a fixed but small angle; for an 
antiferromagnet, antiparallel. 
the 
If/orientation of one magnetic moment is disturbed the 
disturbance can propagate through the crystal. By analogy 
with atomic displacement waves travelling through a crystal 
(phonons), the propagating magnetic disturbance is called a 
spin wave or magnon. The quantum of energy associated with 
the wave gives information about the magnetic forces in the 
system. 
Many different techniques can be used for studying 
magnetic effects; including magnetic susceptibility, 
sidebands on optical spectra, electrnn spin resonance, 
nuclear magnetic resonance, neutron diffraction, Raman 
spectroscopy and far infrared spectroscopy. The latter two 
techniques have the advantage of being able to observe 
directly and accurately the magnons at the Brillouin zone 
centre (K=O). 
The magnetic case that is most simple to treat 
theoretically is the one-dimensional chain of ordered 
magnetic moments. One system that has been found to 
be nearly one dimensional is the CsNiC1 3 type structure where 
the magnetic transition metal ions (Mn,Fe,Co,Ni) form 
5 
antiferromagnetically ordered linear chains which are well 
separated from each other. 
Raman spectroscopy has proved a useful tool for 
investigating magnons in these structures but many of the 
crystals are highly absorbing in the visible spectrum which 
reduces the scattering efficiency and makes it hard to 
identify the magnon lines. More recently far infrared laser 
techniques, together with conventional far-infrared 
absorption, have been used to study the magnon spectra, 
So far only CsCoC1 3 , CsCoBr 3 and RbCoC1 3 have been 
extensively studied using these techniques, This thesis 
reports work using far infrared absorption, together with an 
applied magnetic field, to investigate magnons in RbCoBr 3 • 
Preliminary work has also been attempted to identify magnons 
in other CsNiC1 3 type crystals. 
1.4 PHONONS IN CsNiC1 3 TYPE CRYSTALS 
A full knowledge of the phonon spectra of these 
crystals helps in the identification and understanding of the 
magnon spectra. Because the crystal structure has a centre of 
inversion the phonons seen by Raman spectroscopy and infrared 
absorption are mutually exclusive, As shown in chapter 4, the 
infrared spectra consists of two phonons polarized parallel 
to the crystal c axis (i.e. parallel to the transition metal 
chains) and three phonons polarized perpendicular to the c 
axis. Accurate positions for the infrared active phonons have 
not been previously reported. To obtain accurate line 
positions thin, single crystals are needed. Single crystal 
6 
samples also have the advantage that polarized spectra may be 
obtained which is often helpful in lessening the chance of a 
phonon absorption obscuring any magnons present. 
1.5 RADIATION TRANSMISSION THROUGH A DIELECTRIC SLAB 
For thin, isotropic crystals with radiation at normal 
incidence the minimum transmission is at the frequency of the 
transverse optic phonon. At non-normal incidence another 
minimum occurs at the longitudinal optic phonon frequency. 
For this project a theoretical study was undertaken 
to determine expressions governing the transmission of 
electomagnetic radiation through anisotropic, thin crystals. 
This was then used to explain the absorption spectra of CdC1 2 
type crystals. The theory was later generalised to the case 
of an anisotropic slab of any thickness. For the CsNiC1 3 
crystals the theory had to be extended to include several 
different phonon modes in each crystallographic direction. 
1.6 STRUCTURE OF THIS THESIS 
Chapter 2 covers the experimental aspects of this 
work; the computer control of the interferometer, the 
computation of 
construction of 
spectra in real time, the design and 
the new bolometer, and the development of 
techniques of crystal growth and sample preparation. 
The theory of transmission of electromagnetic 
radiation through thick slabs of anisotropic dielectric is 
developed in chapter 3. The published paper in appendix 2 
summarizes this for the limited case of thin films. 
7 
Chapter 4 presents the general theory of factor group 
analysis and normal mode co-ordinate analysis for phonons in 
crystals. This is then applied specifically to the CsNiC1 3 
type crystal structure. The polarized, infrared-active phonon 
spectra of these crystals is reported and discussed in the 
latter half of this chapter. 
Chapter 5 summarizes the current theory of magnons 
in cobalt compounds of the CsNiC1 3 structure. Experimental 
results for the magnons in RbCoBr 3 are presented and compared 
to those in CsCoC1 3 • A possible antiresonance line in RbCoBr 3 
is also reported. The last part of this chapter outlines 
preliminary work undertaken for the search for magnons in 
other transition metal compounds of this type. 
A short conclusion in chapter 6 examines how the aims 
of this thesis have been fulfilled and suggests further 
avenues of study that have been raised by this work. 
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CHAPTER 2 
EXPERIMENTAL 
The far infrared spectra were obtained using a Grubb 
Parsons IS3 Michelson interferometer. A Commodore PET 
microcomputer was interfaced to it to control the machine and 
to calculate the resulting spectra in real time. 
A small He 3 cooled, doped germanium bolometer with a 
multiple sample holder is used for most of the spectra 
presented in this WQrk. This bolometer (Vickers 1981) needed 
to be modified to eliminate minor problems in its He 3 
refrigerator. Because of the success of this bolometer a new 
3 cooled He /bolometer equipped with a 5 Tesla superconducting magnet 
was developed for Zeeman measurements. The larger size of the 
new bolometer and magnet required a new cryostat system to be 
designed and constructed. 
New techniques were developed to obtain thin samples 
of CsNiC1 3 type crystals. 
2.1 COMPUTER CONTROL OF THE INTERFEROMETER AND REAL TIME 
FOURIER TRANSFORM CALCULATIONS. 
At the start of this project the Fourier transform 
calculations to produce the spectra were carried out on the 
University's mainframe computer, a Burroughs B6700. This 
required the interferograrn to be collected on papertape which 
was then carried over to the computer centre. Under the best 
circumstances a spectrum could be obtained half an hour after 
the interferogram had been produced, but often a wait of 
several hours (and sometimes overnight) was necessary if the 
queues were long. This was a most inefficient use of 
experimental time particularly when the usual shortage of 
liquid helium meant that every run should count. Many a run 
was wasted on a sample that was not optimum either in 
thickness, concentration or cutoff frequency. 
A major experimental aim of this project was to 
interface a microcomputer to the interferometer to control 
the interferometer to collect data and to compute the 
spectrum in real time. A real time computation is 
advantageous in that with only a few points of the 
interferogram collected a low resolution spectrum can be 
produced. The spectrum is initially of poor resolution but as 
more data is collected the resolution improves. At any time 
then the operator can decide to terminate that particular 
spectral run. 
2. 1.1 Computer Interface and Program Development 
To collect data and do a real time Fourier transform 
calculation on it requires that the computer have full 
control of the interferometer. Without this full control 
there is a danger that the interferometer will get out of 
step with the computer and the computer thinks that> for 
example, it is calculating the nth point while the 
interferometer has actually stepped beyond the (n+l)th point. 
The computer used to control the interferometer is a 
Commodore PET model 4032. The system is interfaced to the 
interferometer by the addition of a graphics board, two 8 bit 
9 
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digital to analog converters (D-A), a 12 bit analog to 
digital converter (A-D), a board to drive the stepping motor 
and a PIA board to control the pen up/down function on an x-y 
chart recorder and to test a stepping motor limit switch. 
The graphics board enables the computer to display a 
screen with 312 times 198 . pixles which gives enough 
resolution to display as standard a spectrum 250 wavenumbers 
wide with one wavenumber resolution. The eight bit D As are 
useful for drawing the spectra on an x-y chart recorder. All 
the interface boards are driven from the KIM bus of the 
graphics board (figure 2.1). All the electronic parts of the 
interfacing were designed and built by Physics Department 
technicians. 
In controlling the interferometer the computer reads 
the signal from the lock-in amplifier, outputs this data 
immediately to a 5.25 inch floppy disc, advances the stepping 
motor, and then calculates that points contribution to the 
Fourier transform. The computer then checks if the correct 
time interval has passed and repeats the process. 
The Fourier transform ideally should not take more 
time than the desired time interval between successive steps 
of the interferometer. The implementation of the real time 
transform was dependent on the computer therefore being able 
to calculate the transform within one second, the normal 
stepping time. This only proved possible by writing large 
sections of the transform program in machine code as well as 
providing a "look up" cosine table rather than calculating it 
each time. For a calculation of 250 spectral points the time 
amplifier 
or thermometer 
x-y recorder 
pen up/down 
motor limit switch 
stepping motor 
... 
-
COMPUTER 
GRAPHICS 
BOARD 
n KIM 
I I _... 12 bit ... 
I 8 bit I --
~I I 
[ I 
SS30 
INTERFACE 
-
BUS 
12 bit A-D board 
Dual D-A board 
PIA board 
Control chip 
FIGURE 2.1 Interface between microcomputer 
and interferometer 
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taken was 0.6 seconds (see appendix 1 for the text of the 
program). The calculation could be sped up by putting more of 
the program in machine code, but round-off errors were then 
introduced into the calculation. A combination of Basic and 
machine code was the most suitable. 
The operation of the interferometer had to cease 
whilst the computer updated the spectrum on the screen, a 
process which took 15 seconds. Initially the screen was 
updated 
third to 
every fifty data points. This added approximately 
the time taken to obtain one spectrum, It 
a 
was 
therefore found mo~e convenient to update the screen 
automatically after 2 points and at the end of the run. In 
between it could be updated on demand by pushing U on the 
keyboard. 
2.1.2 The Fourier Transform 
The far infrared interferometer is a two beam 
interferometer which produces a record (the interferogram) of 
intensity as a function of difference in path length of the 
two beams. The Fourier transform of the interferogram 
produces a plot of intensity as a function of frequency (the 
spectrum). In theory the transform should be calculated for 
all points between a path difference of minus infinity~ to 
plus infinity. This is of course impractical. In practice 
interferograms are collected using finite sampling intervals 
and finite path differences, 
Sampling at finite intervals introduces no errors into 
the spectrum provided the maximum frequency (in reciprocal 
wavelength) of the spectrum is less than the inverse of twice 
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the stepping interval (Bell 1972). This means that if the 
cut-off frequency of the spectrum is low then the stepping 
interval can be large and so for a given maximum path 
difference the interferogram can be collected more quickly. 
Scanning over a finite path difference range (-1 to 
+1) limits the resolution of the spectrum to approximately 
1/1. The truncating of the interferogram at -1 and 1 also 
introduces into the spectrum negative intensities and side 
lobes. This problem can be overcome, with a slight deg~dation 
A 
in resolution, by apodization of the interferogram. In this 
technique the interferogram is multiplied by a smoothly 
varying function that is maximum at zero path difference and 
zero at the maximum path difference(1). Typical apodizing 
functions are 1-x/1 and Cos(nx/21). 
If the interferogram from 0 to 1 and from 0 to -1 is 
identical then a Cosine transform can be used with a 
resulting simplification of the computation of spectrum. Also 
in this case only one side needs to be collected and the time 
taken to collect an interferogram and calculate the spectrum 
is halved. 
The biggest practical problem with this method is that 
the interferogram is not always sampled at exactly zero path 
difference (the central maximum intensity point). This error 
(the zero error) introduces an asymmetry into the 
interferogram. However in practise this can be taken into 
account by a small modification to the single-sided Fourier 
transform. The asymmetry, and indeed all linear phase errors, 
can be eliminated by fitting a parabola to the points just 
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before and just after the maximum point to locate the true 
central maximum and find a value for the zero error (figure 
2.2). The Fourier transform is then calculated with the zero 
error (e) added to the path difference i.e. the interferogram 
is effectively from O+e to L+e. The effect of having a zero 
error in the sampled interferogram can be seen in figure 2.3. 
The result is a "tilt" in the calculated spectrum. 
The real time, single sided, linear apodized, cosine, 
Fourier transform used is as follows (Bell 1972): 
I(v) 2':'L:[I(nLHe)-I(oo) P:'(l- ~)cos(2n(n*LHe)*v) 
n n 
where 
v is the frequency in wavenumbers 
(reciprocal centimetres) 
~ is the distance of each step in centimetres 
n is the number of points from the central maximum 
n' is the maximum number of points to be sampled 
n 1- 0' is the linear apodization function 
e is the zero error calculated from 
= I(l)+I(-1) 
e 2[I(-l)+I(l)-2I(O)] * 6 ' 
I(O) being the maximum value in the interferogram and I(-1), 
I(+l) being the values of the points before and after the 
central point respectively. 
A modification was made to the the above Fourier 
transform algorithm. The first point in the interferogram 
(I(O)) should only have half the contribution of the rest of 
the points in the single sided transform. This is because the 
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first point belongs to both sides (+ve and -ve path 
difference) of the interferogram for the case of no . zero 
value of the 
error. When there is a zero error~ the/ first point is 
multiplied by O.S+O.S*e/~ which means that the first point is 
halved for no zero error, is zero for a fractional zero error 
of -0.5 and unchanged for a fractional zero error of 0.5. The 
fractional zero error (e/~) cannot be above 0.5 or below 
-0.5. Figure 2.4 shows how different methods of treating the 
maximum point give different results. The main difference 
seems to be in the "height" of the 'zero intensity' line. 
Figure 2.5 illustrates the difference between spectra 
calculated from the same interferogram using the methods of 
Watts (Mertz 1965) and Forman et al (1966) on a mainframe 
computer and using the algorithm above for the real time 
analysis on the PET microcomputer. The spectra are 
substantially the same. 
To check the calibration of the interferometer and the 
accuracy of the algorithm used, a water vapour spectrum was 
compared to the results of Hall and Dowling (1967). Figure 
2.6 and table 2,1 show that the algorithm used gives results 
consistent with this reference. 
2.1.3 Monitoring the Bolometer 
During the cool down of the bolometer the computer is 
used to monitor the temperature of various parts of the 
bolometer and the level of the liquid helium. One kilo-ohm 
Allen-Bradley resistors were used as the temperature sensors. 
A constant current was passed through them using a 7 Volt 
power supply and large load resistor in series. The resultant 
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0 
Hall and Dowling 
(c.V\A-1) 
87.759 
88.077 
88.877 
89.581 
92.515 
96.067 
96.212 
98.800 
99.066 
100.021 
100.521 
101.523 
104.288 
104.570 
105.113 $ 
105.639 
106.139 
107.075 
107.738 
111.120 
This work 
('-""'-') 
87.7 
88.0 
88.9 
89.5 
92.5 
96.1 
98.8 
99.0 
100.0 
100.5 
101.5 
104.3 
104.5 
105.6 
106.1 
107.1 
107.7 
111.0 
TABLE 2.1 Comparison of water vapour line positions. 
For this work the resolution is 0.25cm- 1 . 
not resolved 
$ only seen in one spectrum 
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potential drop across each Allen-Bradley resistor was read by 
the computer via the analog-to-digital converter. The load 
resistance which kept the current constant had to be 
increased from 170 Kilo-ohms to 610 Kilo-ohms as the 
temperature dropped. Two calibration scales were used 
corresponding to this change in load resistor. The first was 
for the room temperature to liquid helium temperature range, 
and the second for the pumped helium temperature range. 
The liquid helium level was monitored in a similar 
manner using a strip of "superconducting" wire running the 
length of the helium Dewar. The wire was 0.5mm in diameter 
and had a resistance of 2.5 ohms at liquid nitrogen 
temperature. The wire consisted of 61 filaments of 34 
micrometre diameter Niobium/Titanium (53,5% Nb, 46.5% Ti) 
superconducting wire imbed1d in a cupronickel matrix (75% Cu, 
" 25% Ni). This many stranded wire was chosen because of its 
mechanical strength and durablility. To ensure that the wire 
did not become superconducting above the liquid helium level 
a current of at least one amp needed to be put through the 
wire. The level detector worked well when the helium was 
superfluid but did not work so well when there was rapid boil 
off of helium such as when first pumping on the helium vapour. 
The computer had only one A-D converter and so this 
was manually switched between the various thermometers and 
the superconducting wire. The last readings of each of the 
above were displayed simultaneously in an easily read form on 
the computer screen (figure 2.7). 
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Figure 2.7 The display on the computer screen when 
monitoring the liquid helium level and the various 
temperatures associated with the He 3 bolometer. Only 
one can be recorded at a time. The number in the top 
right hand corner of the appropriate box flashes to show 
which is being monitored. 
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2.2 THE DETECTION SYSTEM 
2.2.1 The Detector Element 
The sensitivity of a bolometer is measured by it's 
responsivity ( s ) 1 the change in the output potential drop 
across the element divided by the radiation power absorbed by 
the element. Standard bolometer theory (Zwerdling et a] 1968) 
gives. 
S(f) S(O) 
where T is the response time given by c T = 
and S(O) IRa 
where f is the frequency with which the radiation is chopped 
R is the resistance of the element at the operating 
temperature 
a is the temperature coefficient of resistance 
for the element material 
C is the thermal capacity of the element 
Gd is the dynamic thermal conductance between the 
element and the 0.4 Kelvin block 
I is the current through the element 
T is the temperature of the element. 
The element, cut from a single crystal of Germanium 
double doped with Antimony and Indium, used in these 
bolometers was given to Dr J. A. Campbell by Professor A. J. 
25 
Sievers of Cornell University. It was from the same boule he 
has used in all of his He 3 bolometers. 
f"Atto 
The signal-to-noiseAof the bolometer is best when the 
element's resistance is large, its mass is small and the 
temperature is low. 
The resistance is maximized by making the element as 
long and thin as possible (6mm*1mm*1mm) giving a resistance 
of 1.2 megohm at a temperature of 0.4 Kelvin. The 
temperature of the element was determined by measuring the 
element's resistance as a function of helium gas pressure 
above the liquid helium bath in which the element was 
immersed. A function of the form R R '"(a/IT) (D . = ~e ra1ne 
00 
and 
Sievers 1976) is then used to fit the data (figure 2.8) 
giving R 
00 
30 ohms and a= Draine and Sievers 
(1976) found this equation to be valid to 0.1 Kelvin so the 
fitted equation can be extrapolated to measure the 
temperature of the element below pumped helium temperatures. 
Making the element's cross-section smaller also 
decreases the element's mass which decreases its thermal 
capacitance enabling the element to respond faster to 
radiation changes and so increases its response for a given 
frequency. In Figure 2.9 the signal is plotted as a function 
of chopping frequency. Fitting the responsivity equation 
above to the data gives a response time of 1.6 milliseconds. 
If the elem~nt's thickness is decreased below 1mm the 
element becomes too fragile and is easily broken. This 
thickness is sufficient to absorb radiation well when the 
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Figure 2.8 Resistance of the bolometer element 
as a function of temperature. The expression 
R=R
00
ea//T is fitted to the data yielding the 
k parameters R
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Figure 2.9 Frequency response of the bolometer 
element and associated electronics. The 
-k 
expression [1+(2nTf)2] 2 is fitted to the data 
yielding a response time T of 1.6ms. 
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element is placed in a integrating spherical cavity (figure 
2.10). 
The element was attached to a cooled copper block by a 
pair of varnished copper wires of diameter 0.9mm and length 
16mm. One of the wires was soldered to the copper block. The 
other wire is clamped to the block in order to give a thermal 
contact while at the same time electrically isolating this 
wire from the block. The wires were soldered onto the element 
using Indium solder and a ten Watt soldering iron whose heat 
output had 
Volts. 
been decreased by plugging into a variac at 180 
At first glance at the responsivity equation abovetit 
may seem 
wires, by 
that decreasing the thermal conductivity 
reducing their thickness, would give a 
of the 
better 
response. However this would also mean that the element would 
be at a higher temperature for a fixed heat input. 
The signal-to-noise ratio of the bolometer (typically 
2 millivolt maximum signal to 0.7 micro-volts rms noise) was 
comparable to the bolometers at Cornell University (Dr J. A 
Campbell Private communication, Drew and Sievers 1969). For 
this reason and the scarcity of liquid helium the 
responsivity of the bolometer element was not dete~mined 
accurately. For the element above, the signal is at a maximum 
when the current through the element is 0.5 microamps. This 
is a trade off between a greater current giving more Joule 
heating of the element and consequent decreased signal, and 
the greater current giving increased voltage change (i.e • 
increased signal). The maximum signal-to-noise ratio is at 
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Figure 2.10 detector for the bolometer. 
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about 100HZ chopping frequency which is a compromise between 
more signal at lower frequencies and less "1/f" noise at 
higher frequencies. 
2.2.2 Signal Amplification 
A constant current is applied to t!Ye bolometer element 
by a high stability, wire wound, ten megohm load resistor and 
a small 9 Volt no. 216 Eveready battery. Neither cooling the 
resistor to 1.7 Kelvin nor using a larger 9 Volt battery 
appreciably decreased the noise of the bolometer. 
The radiation intensity is varied using a mechanical 
chopper. The resulting a.c. voltage drop across the element 
was amplified by a Princeton Applied Research Model 186A 
lock-in amplifier. The reference signal is generated by an 
infrared emitting diode / phototransistor pair positioned on 
either side of the chopper blades. 
The chopper blades are turned by a tape recorder motor 
whose frequency can be varied continuously between 33 and 57 
Hertz. The motor has no bearings so the metal shaft must be 
lubricated with Edwards 704 silicon oil approximately every 
20 hours of running. In order to cover a greater frequency 
range several aluminium blades with different numbers of 
apertures were available. Normally a two aperture blade was 
used giving a chopping frequency of 114 Hertz. Care was taken 
to avoid any multiple of the 50 Hertz mains frequency, 
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2.2.3 The Helium 3 Refrigerator 
A self contained activated charcoal pump, immersed in 
pumped liquid helium, following the design of Sievers and his 
co-workers (Walton et al. (1971).) forms the basis of the He 3 
cooled bolometer constructed and used in this work. 
The pump makes use of the ability of activated 
charcoal to adsorb He 3 once the charcoal is cooled to below 
about 40 Kelvin. The charcoal chamber is therefore initially 
isolated from the helium bath by a vacuum space until the He 3 
gas has condensed. Then helium gas is let into the vacuum 
space. The charcoal aools to the bath temperature (1.7 K) and 
adsorbs He 3 gas. The resultant lowering of vapour pressure 
above the condensed He 3 cools the element block to 0.4 
Kelvin. 
Two bolometers were used; a smaller bolometer 
constructed prior to this work and a larger bolometer which 
needed to be designed and built for the superconducting 
magnet system. 
The smaller bolometer had a slight problem with its 
refrigerator that prolonged the cooldown by up to two hours, 
The bolometer element would warm suddenly and then cool 
again. This was attributed to most of the charcoal not being 
in good thermal contact with the bath (Vickers 1981). Thermal 
contact with the warmer, inner charcoal granules was via the 
He 3 gas and also via the surrounding charcoal granules, each 
of which had only a small area of contact with 
neighbours. Initially the He 3 gas in the can was at the 
its 
same 
temperature as the charcoal (90K). When the can was cooled to 
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1.7K, by admitting helium gas to the vacuum space surrounding 
can, the outer granules cooled to 1.7K and adsorbed the 
gas in the can. This thermally isolated the inner 
granules. The colder replacement He 3 gas coming from the tube 
to the liquid He 3 reservoir was thus initially heated by the 
inner charcoal granules. It expanded and sent a heat pulse to 
the detector block through the He 3 gas. Large changes of 
pumping speed and temperature were thus produced. 
The problem was cured by ensuring that all the 
activated charcoal granules were in better thermal contact 
with· the outer wall of the charcoal container. A perforated 
brass sleeve was inserted into the charcoal pump (figure 
2 • 1 1 ) so as to confine the charcoal granules to a narrow 
space next to the container wall. The volume of charcoal 
granules used was also thereby reduced from 100ml to 10m1. 
This arrangement enabled all the charcoal to cool uniformly 
and quickly to 1.7 Kelvin and so adsorb He 3 steadily without 
sudden variations in pumping speed for up to 12 hours of 
operation. 
The small bolometer occasionally exhibited a puzzling 
periodic oscillation in signal of period 3 seconds and 
amplitude 0.05 millivolts (figure 2.12). The oscillation 
ceased only when the helium bath was disturbed. This could be 
achieved by suddenly increasing the pressure above the helium 
bath or knocking the Dewar. This did not always solve the 
problem and the oscillations would eventually reappear. 
that 
The only tentative explanation for the phenomenon is 
the oscillation is due to thermal oscillations within 
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pump. This oscillation can then be disturbed ,by 
fluctuations in the helium bath temperature. The bath 
temperature remained constant throughout the oscillations so 
the oscillations did not have their origin in the helium 
bath. This problem \vould ruin about' one spectral run in ten. 
Further investigations would be needed to find the origin of 
this problem and so solve it. 
The charcoal pump for the new He 3 bolometer/magnet 
system was of the same basic design as the modified version 
for the small bolometer except that the charcoal can was made 
of copper (rather than the stainless steel of the original) 
in order to assist the cooling of the charcoal when the can 
is thermally connected to the bath. 
At room temperature the charcoal pump was filled with 
He 3 . gas at a pressure of 9.5 atmospheres which has decreased 
to 8.4 atmospheres pressure after two years. This 
refrigerator will remain operational for typically 12 hours. 
Occasionally longer runs were needed. For these occasions a 
heater wire (43cm of 0.2 ohms per em. nicrome wire) was 
wrapped around the charcoal can and attached using GE7031 low 
temperature varnish. Provided only a small amount of exchange 
gas had been admitted into the the space around the charcoal 
can during the initial cool down, then 10 Volts across the 
heater terminals was sufficient to heat the charcoal above 40 
Kelvin and 3 so expel the He gas and recondense it in the 
detector block. The temperature of the element is monitored 
during this procedure and the heater is kept on until the 
element temperature starts to rise. On one occasion the 
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bolometer was kept operational for 26 hours using this 
technique. 
For the new larger bolometer, the He 3 refrigerator 
tube between the condensing plate and the detector block was 
curved to allow for the large separation between the 
refrigerator axis and the magnet axis (figure 2.10). There 
was no noticeable flexing of this tube when the He 3 chamber 
was initially pressurised so Bourdon tube flexing was not 
expected to be a problem when the refrigerator cooled to 0.4 
Kelvin. The periodic oscillations in signal that occurred for 
the small bolometer d~d not occur in the new one. Perhaps the 
curved tube prevented them? Also in the new bolometer 
sufficient volume was allowed inside the detector block to 
condense all the He 3 gas present. This was not the case in 
the small bolometer where the liquid He 3 extended up the 
stainless steel connecting tube. 
2.2.4 A suggested design for a future charcoal pump 
The radiation throughput for the magnet system could 
be markedly improved by eliminating the qeed for the six 90 
degree reflections used in order to have the radiation 
electric vector parallel to the magnetic field of the magnet 
(see figure 2.18). This could be done by using a magnet with 
a transverse access. To maximize running time the sample and 
magnet need to be as low as possible in the Dewar. 
In the present bolometer the magnet is alongside the 
charcoal pump. If the charcoal pump were shortened to be less 
than 5 em high then the magnet could be above the charcoal 
pump. This would enable the light pipe to be centrally 
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located within the Dewar and the magnet could then take up 
the full width of the Dewar, increasing the space available 
to the magnet from a 9cm diameter cylinder to a 14cm diameter 
cylinder. A suggested design for the shortened charcoal pump 
is shown in figure 2.11c. The main difference is that the 
charcoal is stacked in thin layers on copper platforms rather 
than confined to the sides of the container. 
2.2.5 Superconducting magnet 
For the far 
Oxygen model FLM4, 
infrared Zeeman experiments 
5 Tesla superconducting 
a British 
magnet was 
purchased. It had a clear bore of 2.5cm and was fitted with a 
superconducting switch and a magneto-resistance field 
measurer. Details of the magnet are given in figure 2.13 and 
the axial field as a function of distance along the axis in 
figure 2.14. 
Care was needed in choosing the high current leads to 
the magnet. If the wire diameter is too small the Joule 
heating of the wire noticeably heats the bath liquid and the 
magnet terminals. For high currents the later was found to 
drive the magnet normal. If the wire diameter is too large 
then the helium boil-off rate is increased, and the available 
running time of the magnet thereby decreased, by the heat 
in-flow conducted along the wires. As a compromise, copper 
tubing lOcm long and 1cm diameter was bolted to the magnet 
terminals. Two 1mm diameter copper leads were soldered into 
the copper tube. Half way up the Dewar each lead was soldered 
to two 1.3mm diameter copper wires which were increased to 
2.lmm diameter at the room temperature terminal, The leads 
120 
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Magneto-resistance probe leads 
operating current 5 mA 
Tesla mv 
0 25.66 
1 28.21 
2 32.95 
3 38.75 
4 44.925 
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FIGURE 2.13 Manufacturer's data for the superconducting 
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were spiralled down the bolometer supports to increase the 
length of the conduction path. 
2.2.6 The Dewar system 
To accommodate the superconducting magnet, a large 
Dewar system was designed and built. The liquid helium Dewar 
needed to be long as the liquid helium bath was to be pumped 
to reduce its temperature to 1.7 Kelvin. As a general rule of 
thumb for glass Dewars, approximately half the initial charge 
of liquid helium at 4.2 Kelvin is evaporated in cooling the 
apparatus and the rest of the liquid helium to 1.7K. The 
width of the Dewar needed to be such that the magnet would 
fit alongside the charcoal pump. The liquid helium cryostat 
was therefore made of pyrex with an inner diameter of 15cm,an 
outer diameter of 22cm and an overall length of 104cm. This 
was as large as the university glass blower could make. As a 
consequence the outer liquid nitrogen cryostat had to be 
constructed in stainless steel in the physics department 
workshop. It has inner diameter 30cm, outer diameter 38cm, 
length 95cm and has superinsulation in the vacuum wall. The 
Dewar system is shown in figure 2.15. 
The top of the pyrex Dewar was formed from a 190cm Q 
fitting, using standard couplings to join it to the metal top 
plate of the cryostat system. The top plate has supports 
resting on the lip of the stainless steel cryostat. A 
phosphor bronze spring supports the base of the pyrex Dewar 
to allow for the difference in thermal contraction between 
pyrex and stainless steel as they are cooled. 
The helium boil off is minimized by silvering the 
Figure 2.1·5 
top plate 
15cm 
pumping line and 
safety valve 
vacuum valve 
vacuum valve 
stainless steel dewar 
super insulation 
pyrex dewar 
phosphor bronze 
Cross-section of the dewar system for the 
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walls of the vacuum space within the glass Dewar. In the past 
we have silvered such Dewars ourselves. This one was coated 
much more cheaply by the Dominion Mirror and Glass Co. Ltd. 
Aluminium discs were placed in the pyrex Dewar at lScm and 
30cm below the top to make the cooldown more efficient. They 
prevent cold helium atoms striking first the room temperature 
top plate. The system has a helium evaporation rate,for a 10 
~orr bath vapour pressure, of 0.4 litres per hour. 
The liquid helium bath is pumped with a 450 
litre/minute single stage rotary pump. To prevent temperature 
fluctuations in the bath, due to pressure fluctuations caused 
by the oscillating volume of the rotary pump, a large ballast 
volume was used. This was in the form of 3.5m of lOOmm bore 
PVC sewer pipe (figure 2.16). The pipe was clamped to a 
concrete shear wall of the building to reduce the effects of 
the mechanical vibrations of the pump. Direct vibrations 
along the pump walls were reduced by inserting in the line 
thin- walled copper bellows with rubber discs between 
divisions to prevent collapse of the divisions when the 
internal pressure of the pipe is low. The connection between 
Dewar and ballast volume was by 2m of SOmm PVC tube. A SOmm 
bore stainless steel butterfly valve manufactured by the 
National Dairy Association for the dairy industry was tested 
and found to be a perfectly adequate vacuum valve of local 
manufacture. 
Overall, the effective pumping speed of the system at 
the pyrex Dewar was 300 litres per minute giving a lowest 
possible vapour pressure of 5 Torr and thereby a lowest 
bracing 
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floor 
3.5 m 
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FIGURE 2.16 Details of the ballast volume and pumping line between vacuum pump and bolometer 
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possible liquid helium temperature of 1.6 Kelvin. 
2.2.7 The effect of a magnetic field on the detector 
A problem which was not foreseen was the severe, 
non-reversible decrease in signal due to the effect of the 
magnetic field on the bolometer element (figure 2.17a). The 
signal output was unaffected by magnetic fields of up to 
0.019 Tesla at the detector element. However as the field 
increased above this value to 0.037 Tesla the signal output 
dropped smoothly by a factor of five making the detector 
effectively unuseable. Above this field there was no further 
degradation in performance. 
This drop in signal persisted when the magnetic field 
had been reduced to zero although it did recover by about 15 
percent. The signal output could only be returned to the 
initial value by heating the element. 
The element resistance changed similarly except it 
increased by 40% (figure 2.17a). This change was roughly as 
expected since germanium temperature sensors are well known 
to exhibit severe magnetoresistance (Sample et al. 1977). 
In both these cases there was at least thirty seconds 
delay between the magnetic field change and the element's 
response. This was attributed to eddy currents induced in the 
cooling block or the element. These would heat the latter and 
therefore lower its resistance. This hypothesis is supported 
by the decrease in the element's resistance as the field was 
decreased and the increase in resistance after the field 
reached zero in figure 2.17a. 
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There are several possibilities that would cause the 
signal output to decrease with a magnetic field present at 
the element; the element is absorbing less, more radiation is 
being absorbed other than in the element or the thermal 
capacity of the element has increased. 
One possibility for the effect was suggested by the 
fact that the critical magnetic field for superconducting 
indium (0.028 Tesla) falls right in the middle of the 
magnetic field range over which the signal output changes 
(0.019 to 0.037 Tesla). The element has a generous lump of 
indium solder at each end for ease of attaching the 
electrical leads. The change from superconducting to a normal 
state will alter the amount of radiation being absorbed by 
the indium and hence the temperature of the element. 
The detector element was then partially magnetically 
shielded by placing a superconducting lead shield across the 
top of the element holder. For the magnetic field range used 
in these tests, the field at the lead sheet did not exceed 
the critical field for lead. However there was still a weak 
magnetic field at the detector due to fringing fields around 
the edge of the superconducting shield. 
With this partial shielding the resistance of the 
element increased with magnetic field slightly more than for 
the unshielded case (1.8 times compared to 1.4 times). Of 
more significance, the signal output now followed the 
resistance change and almost doubled in value (figure 2.17b). 
Both element resistance and signal output still had a 
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non-reversible component. This tends to indicate some sort of 
trapping phenomena as the main problem. 
With liquid helium supplies limited no more effort was 
expended trying to understand this effect. It was merely 
negated using full magnetic shielding. 
The element holder was completely surrounded with a 
superconducting lead shield as shown in figure 2.10. Care was 
taken to weld the shield together with a miniature blow torch 
without introducing non-superconducting material into the 
lead. This allowed superconducting paths in all directions in 
the shield. 
Lead has a critical field of 0.08 Tesla. To allow a 
maximum field of 5 Tesla at the centre of the magnet, while 
having a field of less than 0.04 Tesla at the lead shield, 
the magnet was raised Scm to give a total distance from 
magnet centre to lead shield of 17cm as required by figure 
2.14. 
Under these conditions the detector output was 
unaffected by the magnet. 
2.2.8 Sample holders 
The smaller bolometer system has a sample holder 
capable of holding multiple samples, filters and polarizers. 
It consists of two circular discs one above the other, each 
having four positions which can be rotated into the radiation 
beam (Vickers 1981). The bottom disc is very easily removed 
for when hygroscopic samples have to be mounted in a dry box. 
The samples themselves are mounted in sample holders that 
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simply drop into the spaces in the rotating discs. 
The larger bolometer system needed to have a sample 
holder such that the field of the magnet was parallel to the 
electric vector of the radiation (figure 2.18). As the 
radiation propagates down the bore of the magnet, the only 
way this could be achieved was to reflect the radiation 
perpendicular to the magnet bore, through the sample and then 
reflect the radiation once again parallel to the magnet bore. 
This all had to be done within the magnet's bore of diameter 
2.5cm and so limiting the light pipe diameter to 0.7cm at the 
sample position. The sample holder was detachable from the 
light pipe so that samples could be mounted within a dry box. 
The polarizers used were gold strips on mylar with 394 
lines per centimetre (Buckbee Mears Ltd.). Short wavelength, 
room temperature radiation was prevented from reaching the 
element by black polythene which is opaque for frequencies 
above 500 -1 em • It is inserted over the sapphire window to 
the detector can. 
2.2.9 Cool Down Procedure 
Before the first experiment with the new bolometer is 
performed, the lower can containing the element is evacuated 
and approximately 20ml of helium gas at atmospheric pressure 
is let into the can. The gas provides a good thermal link 
between the detector block and the outer can ensuring that 
the detector block cools with the rest of the apparatus. When 
the block cools below 40K the helium gas is adsorbed by Sml 
of activated charcoal attached to the detector block (figure 
2 • 1 0 ) • 
magnet 
stainless steel 
reflectors 
magnet 
1,.,._11111----- 2 ern lightpipe 
German fi i l ve r 
magnet 
brass cone 
copper sample cover 
sample 
brass reflectors 
magnet 
nylon spacer 
brass locator 
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FIGURE 2 .1.8 Cross-section through magnet and sample holder 
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Before each experiment the vacuum space around the 
charcoal pump of the refrigerator is evacuated and 
back-filled with air at room pressure. The samples are then 
inserted into th~ holder, t~e detector system lowered into 
place and the cryostat evacuated and back-filled with dry 
helium gas. The whole system is cooled overnight by the 
liquid nitrogen cryostat. Fifty liquid litres are needed for 
the initial cooldown and fifty more litres are needed to top 
up during the experiment. 
and 
below 
Liquid helium 
the transfer 
20 Torr to 
is transferred into the inner glass Dewar 
tube withdrawn. The helium is pumped to 
allow the He 3 to condense. During the 
transfer up to eight liquid litres of helium will boil off. A 
puff of helium gas is then inserted into the chamber around 
the charcoal pump to cool the charcoal and activate the pump. 
The helium bath rapidly starts to boil. At this stage the 
pressure in the liquid helium Dewar is allowed to return to 
room pressure. Care needs to be taken that the pressure 
inside the pyrex Dewar does not exceed atmospheric. 
liquid helium is then transferred into the Dewar. 
More 
While 
transferring, the pressure inside the Dewar is pumped down to 
about 350 Torr. When the transfer is complete the pressure is 
allowed to climb back to atmospheric to enable the transfer 
tube to be withdrawn, The Dewar is then pumped back to below 
20 Torr. This procedure means that a maximum amount of liquid 
helium remains in the Dewar after the cool down procedure. 
From the start of the liquid helium transfer until the 
detector is ready to record spectra,the time elapsed is 
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typically 3.5 hours. The procedure uses about thirty litres 
of liquid helium and gives a total operating time of 24 
hours. This time includes three rejuvinations of the charcoal 
pump. 
2.3 SAMPLE PREPARATION 
2.3.1 Crystal Growth 
The AMX 3 (A = Cs,Rb: M = Mg,Mn,Fe,Co,Ni: X= Br,Cl) 
type crystals 
method. Salts 
were prepared using the Bridgman-Stockbarger 
of the type AX and MX 2 were dryed and mixed 
together in the correct stociometric quantities. The 
appropriate halogen acid gas ( e.g. Hydrogen Bromide for 
bromide compounds) was passed through the mixture to remove 
hydroxyl ions as the mixture was slowly heated , for half a 
day, to just above its melting point. The mixture was then 
sealed in lcm diameter quartz tubes and slowly lowered 
through a temperature gradient. This varied from 50 degrees 
per centimetre to 70 degrees per centimetre and lowering 
rates were between 0.6mm and 4mm per hour giving total growth 
times from 2 days to 2 weeks. For most crystals a lowering 
rate of lmm per hour and a temperature gradient of 60 degrees 
Celsius per centimetre was used. The most difficult crystal 
to grow was RbCoBr 3 which needed the slowest lowering rate. 
Even then only about half of the attempts to grow this 
crystal were successful. 
As these crystals are hygroscopic the capsules were 
broken open in a dry box kept at lower than fifteen percent 
humidity. 
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2.3.2 Sample Preparation 
The samples cleaved parallel to the crystallographic c 
axis and so samples of the order of a millimetre or two 
thicknesses were prepared by cleaving. Thinner samples were 
prepared by sticking the cleaved surface of a thick sample 
onto a sapphire substrate. Once stuck on the substrate the 
crystal samples were carefully thinned using coars~ P400 
grade Carborundum emery paper and then fine Cl35E Carborundum 
polishing paper. Samples as thin as 50 microns were achieved. 
The sapphire substrates were lmm thick. Their lower 
sides are roughened with a dentist's diamond wheel to prevent 
"thin film" interference in the substrate. 
Most samples were stuck to the sapphire substrate 
using cyanoacrylate (Aron Alpha) glue. For some (RbMnBr 3 , 
CsMgBr 3 , RbFeC1 3 , CsFeC1 3 , CsNiC1 3 and RbNiC1 3 ) this method 
did not work. In these cases double sided sellotape was used. 
For very thin samples stuck on sellotape, the crystal 
tended to powderize. Also the sellotape tended to lift from 
the substrate when cooled to low temperatures. This was 
overcome by liberally coating the edges of the sellotape with 
vacuum grease. The grease solidifies to a glass at lower 
temperatures and bonds the sellotape to the substrate. 
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CHAPTER 3 
RADIATION TRANSMISSION THROUGH A DIELECTRIC SLAB 
3.1 INTRODUCTION 
The analysis of far infrared absorption spectra of 
phonons in anisotropic, dielectric crystals requires a 
knowledge of the way radiation is transmitted through the 
dielectric medium. 
Born and Huang (1954) derived an expression for the 
transmission of radiation at normal incidence through thin 
films of isotropic dielectric, by matching the electric and 
magnetic fields of the radiation at the film surfaces. They 
showed that very thin films have a transmission minimum at 
the transverse optical phonon frequency (vT 0 ). 
These results were extended by Berreman (1963) to the 
case of non-normal incidence. For radiation polarised with 
the electric vector normal to the plane of incidence (the s 
polarized wave) the transmission minimum is at the transverse 
optical frequency while for radiation polarised with the 
electric vector in the plane of incidence (the p polarized 
wave) an additional minimum occurs at the longitudinal 
optical frequency (vL 0 ). 
Campbell and Vickers (1983) (appendix 2) generalised 
Berreman's results to the case of anisotropic thin films for 
their study of phonons in CdC1 2 type crystals. This work is 
now extended to the case of thick slabs of anisotropic 
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dielectric crystals mounted on a substrate. 
3.2 NOTATION 
Consider an anisotropic crystal of thickness d in the 
x direction, infinitely long in the y and z directions and 
su.pported on one side by a substrate (figure 3.1). The 
dielectric constants within the crystal are assumed to be 
resolved into independent components along the x,y and z 
directions only and one of the crystal axes is aligned 
parallel to the crystal surface. 
This means that the dielectric tensor is of the form 
E XX 
0 
0 
0 
E yy 
0 
0 
0 
E 
zz 
This applies for all crystal structures with point groups 
with functions 2 2 2 x , y , z as the basis for the irreducible 
representation Al(g) namely: 
where E and E are independent; yy zz 
where E E 
XX yy 
where E E =E 
XX YY zz 
The radiation is incident in the x-y plane. Since the 
electromagnetic wave travels in the x-y plane its wave vector 
in the z direction (K ) is always zero. The time dependence 
z 
of the radiation is e-i( 2 nvc)t 
y 
r 
m s 
VACUUM CRYSTAL SUBSTRATE 
Figure 3.1 Transmission of off-axis radiation 
through a slab of dielectric bonded 
to a substrate. The lower r is 
from a reflection of another ray 
off the crystal-substrate interface. 
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The following notation is used in this chapter 
c is the speed of light in vacuum 
Eb the y component of the electric field for the ray b y 
as in figure 3.1 
v the wave frequency in units of reciprocal wavelength 
K 2nv the magnitude of the electromagnetic wave vector 
in vacuum 
Km the x component of the wavector in the crystal 
X 
£ the dielectric constant of the isotropic substrate 
E the x component of the dielectric function in the X 
crystal (f.e E ). 
XX 
Parameters labelled with single primes refer to real 
parts, and with double primes refer to imaginary parts, of 
functions. 
3.3 S POLARISED RADIATION 
For s polarization, the electric vector is 
perpendicular to the plane of incidence. Hence Ex, Ey' 8
2 
and 
K are all zero. 
z 
The electric and magnetic fields tangential to an 
interface are continuous across the interface. For a 
non magnetic dielectric, so also is the component of the 
magnetic field perpendicular to the surface. The electric and 
magnetic fields of the various rays at the first surface 
(position x 1 ,Y 1 ) are therefore related by 
= 
-i(K X -K Y ) 
X 1 y 1 
e 
-i(K X -K Y ) 
X 1 y 1 
e 
-i(K X -K Y ) 
X 1 y 1 
e 
where the sign reversal on B; and B~ is to ensure that 
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E X H (the Poynting vector) is in the direction of travel 
for the relevant ray as shown in figure 3.2(a). 
At the second surface (position x2 ,Y 2 ) 
= 
For s polarised radiation in a non-isotropic 
dielectric, Maxwell's equations in the crystal reduce to 
-27fVCll E E E 
0 0 z z 
2nvcB 
X 
-2nvcB y 
E field B field 
m m s 
(a) S Polarization 
y 
E field LX B field 
m s m s 
(b) P Polarization 
FIGURE 3.2 The relative polar ation directions for 
off-axis rays such that Ex B is in the direction of 
trave 1. 
parallel to z axis ant parallel to z axis 
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where E is the dimensionless, relative dielectric function 
z 
in the z direction. Similar expressions are obtained for the 
substrate and the vacuum. 
Using these Maxwell's equations, the slab equations 
can be rewritten in terms of the z component of the electric 
fields : 
Ea ei(KxX1+KyY1) - Eb 
z z 
Ec 
i(K:X 2 +K;Y 2 ) r 
e + E 
z z 
Ec e 
i(K:X 2 +K;Y 2 ) Er 
z z 
-i(K X -K Y ) 
X 1 y 1 
e 
-i(K X -K Y ) 
X J. y 1 
e 
e 
-i(K:X2 -K;Y 2 ) 
-i(KmX -KmY ) 
X 2 y 2 
e 
Comparing equations 3.1 
( 3. 1) 
Ef e 
i(K~X 2 +K;Y 2 ) 
z (3.4) 
Ks 
Ef 
i(K~X 2 +K;Y2 ) X 
= e Km z (3.5) 
X 
e 
i(K~X 2 +K;Y 2 ) 
( 3. 6) 
and 3.3 gives 
Similarly equations 3.6 and 3.4 give Km=Ks i.e the wavector y y 
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in the direction parallel to the slab surface is independent 
of the slab material. 
The slab equations therefore reduce to four equations 
-iK X 
X 1 
e 
-iK X 
X 1 
These equations can be solved to obtain the ratio of 
the amplitude of the transmitted electric vector to the 
amplitude of the incident electric vector to give 
Km 
( 1- _]£) (1-
K 
X ( 3 . 7 ) 
The relative intensity transmission through the 
crystal and into the substrate is determined by multiplying 
the amplitude transmission ratio by its complex conjugate and 
by the ratio of the refractive indices of the material on 
either side of the slab (to take into account the change of 
wave speed in a medium). Before doing so, it is more 
convenient to first separate the relative wave vectors into 
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real and imaginary parts to allow for them being complex i.e 
for an absorbing crystal. 
The parameters in the amplitude transmission are 
and 
K 
X 
and K = K case where e is the angle of incidence at the 
X 
first surface. 
Let 
= t;'+it;" where s' and t;" are both real 
Using 
gives 
n'+in" 
s 
s'+is" 
case 
2 2 2 
Maxwell's equations Km +K =E .K 
X y Z 
(t;'+it;") = E 1 -sin 2e +iE 11 
z z 
(since Km equals K ) y y 
Squaring and equating real and imaginary parts gives 
c;:'2-t;"2 = 
2t;'.t;" 
which can be solved 
E" 
z 
for t;' and t;". 
Similarly for S which is entirely real 
. 2e E-Sln 
2 
cos e 
When the radiation is at normal incidence t;' is equal to the 
refractive index of the crystal, while t;" is equal to the 
absorption coefficient of the crystal. 
T 
where D 
This then yields an Intensity Transmission Ratio of 
2 2 16(n' +n" )n 
D 
[(l+n')2+n"2][(S+n')2+n"2] e4mn;;"d 
+ [(l-n')2+11 "z].[(S-n')2+n"2] e-4nv~;;"d 
-2[(1-n' 2+n" 2).(S 2-11' 2+11" 2) -4Sn" 2]cos(4nvs'd) 
and n is the refractive index of the substrate. 
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Note that the intensity transmission function assumes 
that the substrate is isotropic and non-absorbing. Also it 
has made no allowance for reflections from the second surface 
of the substrate which is assumed to either have non-parallel 
surfaces or its second surface roughened to avoid standing 
waves within the substrate. This is normally so in an 
experiment. 
A small correction should be made for losses in 
transmission due to reflection from the second surface of the 
substrate. However this correction is independent of 
frequency and is therefore not important as infrared spectra 
are always normalised to the maximum transmission. 
3.4 P POLARISED RADIATION 
For p polarized radiation the electric vector is in 
the plane of incidence. Hence E , B ,B and K are all zero. 
Z y X Z 
At an interface between two non-magnetic dielectrics, 
the tangential components of the electric and the magnetic 
fields are continuous. For the normal components of the 
electric field it is the displacement field (D =E E E) which 
X 0 X X 
is continuous. Let E be the relative dielectric for the x 
X 
direction of the crystal and E the dielectric constant of the 
isotropic substrate. Using figure 3.2 (b) to establish ray 
and field vector directions, the electric and magnetic fields 
are therefore related across the first boundary (X 1 ,Y 1 ) by 
-Ea e 
i(KxX 1+KYY 1 ) 
+ Eb y y 
= 
i(K X1+K Y1) Bb Ba e x y . + 
z z 
= 
-i(K X -K Y ) 
X 1 y 1 
e. 
-i(K X -K Y ) 
X 1 y 1 
e 
i(KmX +KrnX ) 
-Ec e x 1 y 1 
y 
-i(K X -K Y ) X 1 y 1 
e 
i(KmX +KmX ) 
Be X 1 y 1 e 
z 
-i(K:x1 KmY ) 
+ Er e y 1 y 
-i(KrnX KmY ) 
+ Br X 1 y 1 e 
z 
Matching magnetic and electric fields at the second surface 
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i(K~X2 +K;Y 2 ) -i(KmX -KmY ) fi(K:X 2 +KsY 2 ) c + Er e x 2 y 2 ] E: [ E e = E: E e Y X X X X 
i(K~X 2 +K;Y 2 ) -i(KmX KmY ) f i(K:X 2 +K;Y 2 ) 
-Ec + Er X 2 y 2 e e = -E e y y y 
For p polarised radiation, Maxwell's equations inside 
the crystal reduce to 
with similar equations for the substrate. 
Applying Maxwell's equations to the slab equations 
yields a set of 6 equations in E only. y 
e 
-i(KxXl KyYl) 
Ec 
y 
Ec 
y 
Ec 
y 
i(KmX 2+KmY 2 ) x y · Er 
e + e y 
i(K:X 2+K;Y 2 ) 
-
Er e y 
e 
i(K:X 1+K;Y 2 ) + Er 
y 
-i(K X -K Y ) 
X 1 y 1 
e 
-i(KmX -KmY ) 
X 2 y 2 
-i(KmX -KmY ) 
X 2 y 2 
e 
-i(KmX -KmY ) 
X 1 y 2 
e 
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E: KmKs 
Ef i(K~X 2 -K;Y 2 ) X y e 
E: KmKs y y X 
y (3.11) 
Ef 
i(KsX -KsY ) 
X 2 y 2 
e y (3.12) 
E: Km 
Ef 
i(KsX -KsY ) 
X X 2 y 2 
e 
E: Km y (3.13) y X 
Comparing equations 3.8 and 3.10 shows that K =Km and y y 
similarly equations 3.11 and 3.13 give Km=Ks. The slab y y 
equations therefore reduce to four equations. 
iK xx1 Eb 
-iK xx1 K iK:x 1 -iKmX Ea X [Ec Er X 1 e + e E: e + e y y yKm y y 
X 
iK xx1 Eb 
-iK X iK:x 1 -iKmX Ea X 1 Ec Er X 1 e e = e e y y y y 
iK:x 2 -iKmX E: 
Km 
Ef iK~X 2 Ec Er X 2 X e + e e y y 
E:y Ks 
y 
X 
iK:x 2 -iKmX Ef 
iK~X 2 Ec Ec X 2 c e e y y y 
These equations can be solved to obtain the ratio of 
the amplitude of the y component of the transmitted electric 
vector to the amplitude of the y component of the incident 
electric vector. 
Defining 
p'+ip" == 
o'+io" 
p EKX 
Ks 
X 
and from Maxwell's equations together with Km= K y y 
gives 
(p'+ip")2 
(o'+io") 2 
2 
K 
+ _]_ = 
E 
X 
= 
= 
= 
. 2e 
€ - Slll 
X 
2 2 
,E Cos ( 8) 
squaring and equating real and imaginary parts 
,2 112 p -p E I y 
(e'.£'+£ 11 .£ 11 ).sin 28 y X y X 
2 2 E' +t:" 
X X 
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2p'pl! = 
12 ,,2 
a -a 
2a'a" = 
E"+ y 
2 2 . 2 2 ((E 1 +£ 11 )E 1 +(£ 11 £ 11 -£ 1 £ 1 )sln 8]cos 8 X X y X y X y 
2 2 ((E 1 +£ 11 )E 11 X X 
which can be solved for p' ,p",a' and a". 
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The ratio of the intensity of the radiation 
transmitted into the substrate to the intensity of the 
radiation incident on the crystal can then be found. 
T = D 
where D = 
+[(1-a')2+a"2][(n'-a')2+a"2] e-41Tvp"d 
Note that this intensity transmission function assumes 
that the substrate is isotropic and non-absorbing. Also it 
has made no allowance for reflections from the second surface 
of the substrate which is assumed to either have non-parallel 
surfaces or to have its second surface roughened to avoid 
standing waves within the substrate. 
A small correction should be made for losses in 
transmission due to reflection from the second surface of the 
substrate. However this correction is independent of 
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frequency and need not be of concern because it is the 
frequency dependence of the transmission intensity which is 
important. 
3.5 THE DIELECTRIC FUNCTION 
The only term in the intensity transmission functions 
which can not be evaluated from the information already given 
is the frequency dependence of the dielectric "constant" for 
the crystal. This is derived by considering the polarization 
induced within the dielectric by the applied electric field 
of the radiation. 
With the assumption of motion in one direction only 
(the direction of the electric field) the equation of motion 
for the atoms in the crystal is 
where M is the mass of the a atom 
a 
e is 
a 
the effective charge of the a atom 
d is 
a 
the displacement of the a atom from its 
equilibrium position 
Writing this expression in normal co-ordinates gives 
2 e 
Ea b a E qj ::::: \) . q . + aj ~ J J a 
,.,here 
E. b . 
d TJ q. 
a a J 
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The damping term is introduced by replacing vj 2 with vj 2-iyv 
giving 
2 
-v q. 
J 
2 
= -v.q.+y.vq. + L: b .e E J J J J a aJ a 
Solving for q . gives 
J 
q. 
J 2 2 . v.-v -1y.v 
J J 
The polarization induced in the material is 
P E: (E-1)E 
0 
= E: (E: -1)E + N ~e d 
o oo o a a 
where E
00 
is the diele~tric constant at wavelengths 
greater than infrared. i.e. due only to the 
response of the electrons of the atoms, 
E is the relative dielectric constant of the material, 
the sum is over the number of ions in a unit cell, 
and N is the number of unit cells within a unit 
0 
volume (Nakajima et al 1980). 
Solving for E:: 
E: + 00 
N 
0 
E: 
0 
Now replacing da with qj 
N 
E: + 
0 
00 E: 
0 
N 
0 
E: + 00 E: 
0 
i.e. 
1 ~ e d-
a a a E 
~ e b . 
a a Ja 
~ b ajea a 
2 2 . 
v.-v -1y.v 
J J 
2 (L: b .e ) 
a a] a ~. 
J 2 2 . V. -v -1y.v 
J J 
s. 
J 
2 2 . 
v. -v -1.y.v 
J J 
Only infrared active phonons are included because 
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(3.15) 
The dielectric function (3·.15) is then factorized 
using the method of Kurosawa (1961): 
£ (v) 
z 
=£(co). IT 
z j 
2 2 . r v 10 .-v -1. .• v ZJ ZJ 
2 2 . VTO . - v -1. y .• v ZJ ZJ 
(3.16) 
with similar expressions for the x and y directions. The 
product is over the number of phonons in the appropriate 
direction. V. is now identified as the transverse optical 
J 
mode (vTOj). The relationship between sr VLO and r, and VTO 
and y can be found by matching the coefficients of vn for the 
two equations. The VTO' VLOt y and r are not independent as 
there are 4m+1 variables in equation 3.16 compared to 3m+1 
variables in 3.15 where m is the number of modes. For example 
2m-1 
equating the coefficients of v gives 
r..y. = z::.r. 
J J J J 
When no damping is present both y and r are zero. As 
expected the dielectric function (equation 3.16) then reduces 
to that given by Kurosawa (1961). 
If V=O the dielectric function (equation 3.16) becomes 
the multimode Lyddane Sachs-Teller relation 
£ (O) 
z 
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as given by Kurosawa (1961) and by Cochran and Cowley (1962). 
3.6 EXAMPLES OF CALCULATED TRANSMISSION SPECTRA 
If there is one phonon mode in each x,y and z 
direction of n crystal and the crystal slab is in the ~-z 
plane then p polarized radiation in the y-z plane will have 
transmission minima at the frequencies of the transverse 
optic mode in the y direction and the longitudinal optic mode 
in the x direction. If the radiation is s polarized there is 
only one transmission minima at the frequency of the 
transverse optic mode in the z direction. Figure 3.3 shows 
this for three arbitrary phonons, one in each direction. 
Figure 3.4 illustrates how increasing the damping 
constant broadens the line and raises the transmission 
minima. The minima remains at the same frequency although at 
the longitudinal optic frequency the line becomes slightly 
asymmetric around the minimum point. This phenomena will be 
investigated latter in the chapter. 
Figure 3.5 shows the effect of thickening the crystal 
slab. For the minima at the transverse mode frequencies the 
line bottoms out and the flat bottom of the line spreads to 
the longitudinal optic mode frequency. This illustrates why 
the transverse mode frequencies for thick crystals are not in 
the middle of the absorption lines. To assume so is a quite 
common misconception. 
The line at the frequency of the longitudinal optic 
mode for p polarized spectra remains symmetric about the 
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Figure 3. 3 , Absorption lines calculated for polarized 
radiation incident in the x-y plane, onto a crystal 
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of the x, y and z directions and the phonon 
frequencies are chosen arbitrarily. 
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Figure 3.4 Calculated spectra for different damping 
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longitudinal optic frequency. The sine waves to either side 
of the absorptions are due to standing waves in the parallel 
sided sample. Figure 3.6 illustrates how the slab equations 
will fit standing waves observed in thin parallel sided 
crystals. 
The effect of changing the angle of incidence is 
illustrated in figure 3.7. For normal incidence there is only 
~ 
absorption at the transverse mode frequencies. As the angle 
of incidence increases the absorption at the longitudinal 
mode frequency increases. The transverse mode line in the s 
polarized spectrum becomes stronger while the one in the p 
polarized spectrum becomes weaker. 
In p polarized spectra using very large angles of 
incidence, there is another mimima on the high frequency side 
of the longitudinal mode frequency. The asymmetry of the 
longitudinal mode for large damping term and the extra line 
above the longitudinal mode frequency are due to the same 
phenomenom. There is a transmission minima when the square 
root of the real part of the dielectric constant in the x 
direction (i.e. perpendicular to the plane of the crystal 
slab) is equal to the sine of the angle of incidence (see 
equation 3.14a). This is equivalent to the critical angle for 
total internal reflection in an isotropic dielectric. The 
effect of changing the high frequency dielectric constant and 
the angle of incidence is seen in figure 3.8. 
The addition of more modes does not alter the 
frequency of the absorption lines due to the existing modes. 
However the strength of the mode absorptions are changed as 
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Figure 3.5 Calculated spectra for different 
thickness of slab without a supporting substrate. 
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the frequency of the two modes in each direction become 
closer. Figure 3.9 illustrates this process. 
For many experimental situations, the crystal surfaces 
are not parallel or smooth. Also the incident radiation may 
not be well collimated. In these cases standing waves are not 
expected in the crystal. The slab equations were therefore 
rederived for no reflection from the second surface (X 2 ,Y 2 ). 
The result is that only the first term in the denominator of 
the transmission ratio for the slabs remains. The practical 
result of this is seen in figure 3.10 where it can be seen 
that the shape of the absorption lines are essentially 
unchanged. The main difference is that the standing waves 
have disappeared. 
Figure 3.11 shows a fit of the slab equations to 
experimental spectra of athin crystal of CsNiBr 3 • The crystal 
is immersed in liquid helium at 1.7 Kelvin. Liquid helium has 
a refractive inde~ of 1.05 which is close enough to one to 
warrent using the slab equations as is. The essential 
features of the spectra are reproduced well. There are 
several reasons why the fit may not be exact. There may be 
other absorptions that are not clearly resolved such as those 
due to water attack or imperfect polarisation of the sample. 
Another reason may be that the theory, which is classical, 
uses a constant damping term while a quantum mechanical 
theory would use a frequency dependent damping term (Berreman 
1963). 
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3.7 SUMMARY 
The slab equations show that for normal incidence of 
radiation onto a thin crystal, absorption lines are only 
expected at the transverse optic mode frequencies. As the 
crystal is thickened the absorption lines have zero 
transmission over a band of frequencies with the transverse 
optic mode in the low frequency side and the longitudinal 
optic mode in the high frequency side. The transverse optic 
mode is not at the centre of the band as it is too often 
erroneously assummed. 
The longitudinal optic mode can be observed using p 
polarized radiation at non-normal incidence. As the crystal 
is thickened, the longitudinal optic lines broaden but are 
still centred on the longitudinal optic mode frequency. 
For high angles of incidence and a material with low 
refractive index (at high frequencies), there is a 
possibility of an extra absorption line above the 
longitudinal optic mode frequency. This is equivalent to 
total internal reflection for isotropic dielectrics. 
The theory derived in this chapter reproduces all the 
major features of the experimentally determined spectra of 
CsNiC1 3 type crystals. 
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CHAPTER 4 
PHONONS IN AMX 3 TYPE CRYSTALS 
4.1 INTRODUCTION 
AMX 3 type crystals (where A is Cs or Rb; M is Mn, Fe, 
Co or Ni and X is Br or Cl) are good examples of one 
dimensional antiferromagnets (Ackerman et al 1974). As a 
preliminary to studying the magnetic excitation spectra of 
these crystals, a full knowledge of their phonon spectra is 
desirable. This is especially so for the case where coupling 
between the phonons and the magnons is possible (Lockwood et 
al 1983). 
For AMX 3 type crystals, the Raman and infrared active 
modes are in two mutually exclusive groups. The frequencies 
of the Raman active modes have been determined by Breitling 
et al (1976). 
The infrared active modes have b~en studied by 
McPherson et al (1973) using powders imbedded in Nujol mulls 
between polyethylene plates. Spectra of imbedded powders are 
known to yield misleading results due to the finite size of 
the crystallites forming the powder and to the influence of 
the imbedding medium (Frohlich 1948 and Martin 1970). The 
absorption maxima obtained using powders fall between the 
transverse and longitudinal mode frequencies of the crystal. 
Furthermore, powdered samples lead to spectra involving all 
of the infrared-active modes. Spectra involving single 
crystals and polarized radiation are necessary to help with 
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phonon assignments. 
Chadwick et al (1971) used Kramers-Kronig analysis of 
the reflectivity spectra from single crystals to deduce the 
oscillator frequencies of CsNiC1 3 and CsCoC1 3 • These results 
did not agree with values they obtained from infrared 
transmission spectra.They also reported infrared transmission 
spectra for several other crystals of this type. 
No studies of the infrared active phonons in CsNiC1 3 
type crystals have previously used thin, single crystals to 
accurately determine and assign the phonon frequencies. 
The first part of this chapter reviews the theory of 
normal modes of vibration in crystals and applies this in 
particular to the CsNiC1 3 structure. Following the work of 
Campbell and Vickers (1983) on CdC1 2 type crystals, polarized 
transmission spectra using thin, single crystals and slightly 
off-axis radiation were obtained to determine the-
longitudinal optic (LO) modes as well as the transverse optic 
(TO) modes for crystals of the CsNiC1 3 class. The 
experimental results are presented in the latter half of this 
chapter. 
4.2 DETERMINATION OF NORMAL MODES 
The number and type of normal modes in a crystal for 
long wavelengths (zero wavevector,K=O) can be found by a 
factor group analysis (Burns 1977). The factor group of a 
space group is isomorphic with its point group. This means 
that all the symmetry operations under which the unit cell 
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remains unchanged can be represented by the point group 
operations plus translations of the lattice as a whole. 
A crystal having N atoms in a unit cell has 3N degrees 
of freedom at K=O (one for each of the x,y and z directions 
of motion for each atom). A matrix for each symmetry 
operation can be constructed which represents the 
transformations of these displacements under the symmetry 
operation. These matrices or representations can then be 
reduced to irreducible representations which label the normal 
modes of the crystal. The trace of the representation matrix 
(the character) is u~changed by the reduction which is given 
by 
X(R) = E .n ·X .(R) 
J J J 
where X(R) is the character of the reducible representation, 
x.(R) is the character of the jth irreducible 
J 
representation 
n. the number of times the jth irreducible 
J 
representation occurs in the reducible 
representation and 
R is the symmetry operation involved. 
The number and types of normal mode are given by 
(Burns 1977 p59) 
where h is the number of symmetry operations in the unit cell 
group (i.e. the order of the group) and * indicates a complex 
conjugate. 
In considering the representation of a symmetry 
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operation on the crystal only those atoms which map onto 
themselves under the operation need be considered as only 
these atoms contribute to the trace. Also the specific 
transformation of the x,y and z components of the atomic 
displcements need not be considered, since for an atom 
mapping onto itself the contribution to the trace Xt(R) is 
given by 
where e is the angle of rotation for the symmetry operation. 
+is used for proper rotations (no reflection involved), 
and - is used for improper rotations (reflections involved) 
For pure reflections Xt(R) is equal to 1. 
The trace for the reducible representation X(R) is 
then found by the sum of Xt(R) over all the atoms in the unit 
cell of the crystal. 
4.3 DETERMINATION OF SYMMETRY CO-ORDINATES 
Linear combinations of symmetry co-ordinates give 
eigenvectors which show the motions of atoms corresponding to 
the normal modes of the crystal. If only one normal mode 
transforms as a given irreducible representation then the 
symmetry co-ordinate is the eigenvector which corresponds to 
the normal mode. The symmetry co-ordinates are obtained using 
projection operator techniques (Burns 1977) where the 
character projection operator is 
where R is a symmetry operation and 
1 is the number of partners of the mth irreducible 
m 
representation. e.g. 2 (i.e x and y) for t E1 u 
mode of n6 h. 
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The factor of 1/h though is irrelevant because the 
function that results from the projection operators must be 
separately normalised. 
For doubly degenerate modes more information on the 
symmetry co-ordinates can be gained by using the transfer 
projection operator V ~ where 
01 
1 * m 
-h ER r (R) .R. m , 01 
r (R) . is the oi element of the mth irreducible 
m 01 
representation. 
The projection operators are used to operate on a 
particular· atomic displacement (e.g. on x 1 for motion in the 
x direction of the 1st atom in a unit cell) and gives the 
symmetry co-ordinate associated with that particular atom in 
the direction of displacement. 
4.4 CRYSTAL STRUCTURE OF CsNiC1 3 TYPE CRYSTALS 
The crystals 4-consist of chains of face sharing MX 6 
octahedra lying along the c axis, each chain being separated 
from its neighbour by A+ ions. At least four structural types 
of such crystals have been identified (Longo et al. 1969) 
involving different repeat units along the c axis. The 
different types are labelled 2L,4L,6L and 9L, where the 
numeral denotes the size of the repeat unit in terms of the 
number of close packed layers. 
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The structure with the 2L repetition unit is usually 
referred to as the CsNiC1 3 type structure.It has two formula 
units to the unit cell. Such crystals include CsNiC1 3 , 
CsMgC1 3 , CsFeC1 3 , CsCoC1 3 ~ RbF~Cl 3 , RbCoC1 3 , RbNiC1 3 , 
CsMgBr 3 , CsMnBr 3 , CsCoBr 3 , CsNiBr 3 , RbMnBr 3 and RbCoBr 3 • 
A diagram of the CsNiC1 3 unit cell is shown in figure 
4.1 where each atom is numbered for ease of reference. This 
structure has space group D6 h
4 
which has a factor group 
isomorphic to the point group n6h. 
4.5 NORMAL MODES OF CsNiC1 3 TYPE CRYSTALS 
The factor group analysis method is now applied 
specifically to the CsNiC1 3 type structure. Table 4.1 gives 
the characters ,xt(R), of the representation for all the 
symmetry operations of the group n6 h. The characters are used 
to construct the column headed CsNiC1 3 in table 4.2 which 
gives the number of times each normal mode or irreducible 
representation occurs in the representation. The infrared 
active modes are those which transform in the same way as the 
cartesian co ordinates x,y and z. In n6 h symmetry these are 
the A2 u and E1u modes. As can be seen from table 4.2 there 
are 4 Elu modes and 3 A2 u modes. One each of these modes 
corresponds to a pure translation of the crystal leaving 3 
Elu and 2 A2 u infrared active modes. 
In order to find out which ions contribute to each of 
the modes, a factor group analysis was carried out, grouping 
the ions into molecular groupings. Care must be taken in any 
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z y 
1 1 
4 a. X 
e Ni e N i ( Z = 0, ~ ) @ Cs (Z = ~ ) 
0 Cl 0 Cl {Z=..!.) ~ Cs(z=-2.) 4 V@/1 4 
0 C I (Z • ~ ) 4 
Figure 4.1 The CsNiC1 3-Type structure. 
(from Johnstone et al 1981) 
Chlorine Nickel Caesium 
1 2 3 4 5 6 7 8 9 10 
E 3 3 3 3 3 3 3 3 3 3 
2c 6 0 0 0 0 0 0 0 0 0 0 
2C 3 0 0 0 0 0 0 0 0 0 0 
c2 0 0 0 0 0 0 0 0 0 0 
3C' 2 0 0 0 0 0 0 1 -1 0 0 
3C" 2 0 0 -1 0 1 0 0 0 -1 1 
i 0 0 0 0 0 0 -3 -3 0 0 
zs 3 0 0 0 0 0 0 0 0 -2 2 
zs 6 0 0 0 0 0 0 0 0 0 0 
oh(x,y) 1 1 1 1 1 1 0 0 1 1 
3od 0 0 0 0 0 0 0 0 0 0 
3a 0 0 1 0 1 0 1 1 1 1 
v 
TABLE 4.1 Reducible representation for the CsNiC1 3 
structure (D 6h). 
X(R) 
30 
0 
0 
0 
-6 
-12 
-6 
-8 
0 
-8 
0 
18 
The atom numbers correspond to the numbers in figure 4.1. 
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Hodes 
A1g 
A2g 
B1g 
B2g 
E1g 
E2g 
A1u 
A2u 
B1u 
B2u 
E1u 
Ezu 
TABLE 4.2 
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Holecular groupings 
CsNiC1 3 CsNi(C1 3 ) Cs(NiC1 3 ) 
1 1 
1 0 
0 0 
2 2 
1 0 
3 2 
0 0 
3 3 
2 1 
1 0 
4 3 
2 1 
Number of normal modes for each molecular 
grouping 
1 
0 
0 
1 
0 
1 
0 
2 
1 
0 
2 
1 
92 
conclusions drawn from this method as the molecular groupings 
may not be unique. Tables 4.3 and 4.4 gives the reducible 
representations while the number of modes found for each 
grouping is summarized in table 4.2 and compared to the case 
were there are no groupings of ions. 
If the chlorine ions are grouped together then there 
are only 2 E 1 u and 2 A2 u infrared active modes indicating 
that one of the E 1 u modes may involve internal motions of the 
chlorine ions. Taking this a step further and grouping 
(NiC1 3 )- together then 1 Elu mode and 1 A2 u mode remain, 
indicating that one mode (for each set of normal modes) may 
involve the internal motion of the nickel ion versus the 
chlorine ions. This leaves the last mode which possibly 
consists of motions of the caesium ion and the 
molecules against each other. 
\ 
The frequency of each normal mode vibration depends on 
the masses and force constants involved. Assuming the force 
constants are comparable, the lowest frequency mode is the 
mode involving the heaviest species of molecule, 
The mode with the next higher frequency is the mode involving 
the (Cl
3
)3- molecule. The highest frequency mode is the mode 
involving internal m6tions of the (C1 3 )
3
-. 
As the modes become more "internal", a decrease in the 
amplitude of the motion of the "caesium" ion is expected 
because the mass of the "molecule" opposing the caesium ion 
decreases. One mode therefore should be more dependent on the 
changing of the caesium ion to rubidium, say, than the other 
two modes. A similar argument can be advanced to indicate 
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Cl 3 Nickel Caesium 
1 4 7 8 9 10 X(R) 
E 3 3 3 3 3 3 18 
2c 6 0 0 0 0 0 0 0 
2C 3 0 0 0 0 0 0 0 
cz 0 0 0 0 0 0 0 
3C' 2 0 0 1 -1 0 0 -6 
3C" 2 -1 -1 0 0 -1 -1 -12 
i 0 0 -3 -3 0 0 6 
2S 3 -2 -2 0 0 -2 -2 -16 
2S 6 0 0 0 0 0 0 0 
oh(x,y) 1 1. 0 0 1 1 4 
3od 0 0 0 0 0 0 0 
30 1 1 1 1 1 1 18 
v 
TABLE 4.3 Reducible representation for CsNi(Cl 3 ) 
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NiC1 3 Caesium 
1 7 9 10 xCR) 
E 3 3 3 3 12 
2c6 0 0 0 0 0 
2C 3 0 0 0 0 0 
cz 0 0 0 0 0 
3C' 2 -1 -1 0 0 -6 
3C" 2 0 0 -1 -1 -6 
i -3 -3 0 0 -6 
2S 3 0 0 -2 -2 -8 
2S 6 0 0 0 0 0 
oh(x,y) 0 0 1 1 2 
3ad 0 0 0 0 0 
30 1 1 1 1 12 
v 
FIGURE 4.4 Reducible representation for Cs(NiC1 3 ) 
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that one mode (the mode involving internal motions betwe~n 
(Cl) 3 - and Ni 2+) would be more dependent on the replacement 
of the nickel ion by another transition metal ion than the 
other modes. All modes should be highly sensitive to the 
replacement of the chlorine ions. 
Whether the frequency decreases or increases with the 
replacement of a particular ionic species within the crystal 
depends on the change in the lattice force constants ?nd the 
mass of the replacement ion. An increase in mass will tend to 
decrease the frequency and a stronger force constant will 
tend to increase the frequency. 
Symmetry co-ordinates are now calculated using 
projection operator techniques. Tables 4.5 and 4.6 show how a 
displacement by one ion maps onto other ions under the 
symmetry operations. These lead to the symmetry co-ordinates, 
for the infrared active Elu and A2 u modes, which are given in 
table 4.7. These co-ordinates are consistant with those given 
by Johnstone et al 1981. The Elu mode involves displacements 
in the x-y plane while the A2 u mode displacements are in the 
z direction. The normal co-ordinates, which show the actual 
motion of the ions, are linear combinations of the symmetry 
co-ordinates. This indicates that if the electric field of 
the input radiation in an absorption spectrum of CsNiC1 3 is 
polarized parallel (pi polarization) to the c axis of the 
crystal (ie the z axis) then the absorption due to two A2 u 
modes should be observed. If the radiation is polarized 
perpendicular to the c axis (the sigma polarization) then the 
absorption due to three Elu modes should be observed. 
E 
cl 
3 
c2 
3 
cz 
lc, 
2 
2C' 
2 
3C' 
2 
2 
i 
a 
v 
o . .sx 4-0.87y 4 z 4 
-O . .Sy 2-0.87x 2 
-ys 
-O • .Sy 1+0.87x 1 
-ys 
TABLE 4.5 Mapping of the Chlorine atoms under the symmetry 
operations of D6h· 
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E 
cl 
6 
cs 
6 
cl 
3 
c2 
3 
c2 
1 c! 
'2 
2C' 
2 
i 
sl 
3 
s2 
3 
sl 
6 
ss 
6 
oh(x,y) 
-x 7 -z 7 
-O.Sx 9 +0.87y 9 
-xlO 
0 • 5 X 9 +,0 • 8 7 X 9 
-xlO 
-z 9 
TABLE 4.6 Mapping of the Caesium and Nickel atoms under the 
symmetry operations of D6h· 
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Mode Symmetry co-ordinates 
4a 1 (x 3+x 5 ) + (a 1+3a 2 )(x 1+x 2+x 4+x 6 ) 
+V3 (al az)(yl-y2-y4+y6) +a3(x7+Xg) +a4(Xg+X1Q) 
4a1(y3+Ys) + (a1+ 3a2)(y1+Yz+Y4+y6) 
+l3(a2-al)(xl-x2-x4+x6) +a3(y7+y8) +a4(Yg+Ylo) 
TABLE 4.7 Symmetry co-ordinates for the E10 and A20 modes. 
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Note : The constants a 1 , a 2 , a 3 etc. are dependent on 
the actual force constants and ions involved in each mode. 
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The symmetry co-ordinates also support the ideas 
outlined above for the possibility of the molecular groupings 
playing an important role in the normal mode motions. In 
particular they show that the "internal" motion of the 
chlorine ions are in the x-y plane and not in the z 
direction. 
4 •. 6 FAR INFRARED SPECTRA OF CSNICL 3 TYPE CRYSTALS 
Typical polarized single crystal spectrum of phonons 
in CsNiC1 3 type crystals are shown in figure 4.2. The sample 
is less than O.lmm· thick which is typical for the phonon 
work. This spectra, of CsNiBr 3 , shows clearly the absorption 
due to the three modes in the sigma polarization and the two 
in the pi polarization. The frequency of the transverse 
optical modes are at the point of maximum absorption. Where 
the maximum absorption is a flat region of zero transmission 
the transverse mode frequency is near the low frequency edge 
of the absorption (see chapter 3). In the pi polarized 
spectrum absorption lines also occur at the longitudinal mode 
frequencies of the transverse modes seen in the sigma 
polarization spectra. These longitudinal mode frequencies 
tend to be at the high frequency edge of the broad 
absorptions in the sigma polarization spectra. 
The hardest phonon mode line position to estimate is 
the highest frequency line of the pi polarization. In many 
spectra a reliable estimate of the position could not be 
given. 
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Figure 4.2 The polarization spectra for CsNiBr 3 at 1.5K. 
These are typical phonon spectra for the CsNiC1 3 type 
crystals showing all 3 Elu(TO) and 2 Alu(TO) modes. 
Various associated LO modes and unpolarized absorptions 
(i) probably due to water vapour attack of the surface 
are also prominent. 
------ o polarization TI polarization 
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The two unpolarized absorption lines above 230 
wavenumbers are possibly due to the attack of water on the 
hygroscopic crystal surface. In other crystals water lines 
often appeared between the lowest two phonon absorption lines 
in the sigma polarization. The water attack lines can be 
identified because their absorption strength does not depend 
on the crystal thickness. Also 
unpolarized. 
these lines are often 
Table 4.8 gives the frequencies of the transverse 
optical modes for thirteen of the CsNiC1 3 type crystals. 
Where a pi spectrum absorption is determined to be a 
longitudinal optical mode frequency this frequency is given 
in table 4.9. 
The only way of assigning the five transverse optic 
phonon lines to particular motions of the ions in a crystal 
is to examine the shift in line positions when a particular 
species of ion is replaced by another. 
Figures 4.3 and 4.4 show the effect of exchanging 
chlorine for bromine in CsNiX 3 • The largest shift in line 
frequency is in the relatively sharp middle line of the sigma 
polarization. This is identified with a mode consisting of 
mainly "internal" motions of the halide ion. Firstly the 
"internal" halide ion mode is predicted to appear only in 
the sigma polarization. The lower frequency absorption line 
in each polarization are of similar shape and width as are 
each of the two highest absorption lines in each 
polarization. The "odd man out" then is the narrow middle 
line in the sigma polarization. Secondly the ratio of the 
OJ 
u 
c 
ro 
+J 
+J 
•M 
E 
(f) 
c 
ro 
L 
+J 
OJ 
> 
•M 
.jJ 
ro 
rl 
OJ 
rr 
OJ 
u 
c 
co 
.jJ 
.jJ 
•H 
E 
(f) 
c 
ro 
L 
.jJ 
OJ 
> 
•H 
.jJ 
ro 
rl 
OJ 
a: 
, ... ·'. 
tf ',. f ,, • 
. ~ . 
I 
I 
I 
I 
50 
, .. 
I , 
• I 
I 
. 
I 
I 
I 
I 
I 
. 
. 
: 
•t·~'·.;'i". 
.... 
100 
I 
I 
I 
I 
(a) S polarized 
50 100 
(b) P polarized 
. 
' I I 
I 
I 
I 
,' 
150 200 
I 
,. 
,, 
Frequency cm-1 
150 200 
Frequency cm-1 
./" \~ 
' I 
I 
•' . 
II 
250 
250 
Figure 4.3 The ef on the phonon spectra of 
altering the X ion in CsNix3 
CsNiC1 3 CsNiBr 3 ~ line shift 
102 
300 
300 
Cl toBr 
350 
200 
.-I 
16 
150 
100 
50 
FIGURE 4. 4 
the X 
has not 
0 
• 
• 
I I 
~ / 
Mg2+ Co 2+ 
The effect on the phonon 
ion in CsMX 3 crystals. The 
been plotted because of its 
• 0 
-Br Cl 
/ 
I 
103 
spectra of replacing 
highest A2 u mode 
large uncertainties 
QJ 
u 
c 
tD 
u 
.u 
·r-i 
E 
Ul 
c 
tD 
L 
u 
QJ 
> 
·r-i 
.u 
tD 
....-! 
QJ 
rr 
QJ 
u 
c 
tD 
.u 
+J 
·rl 
E 
Ul 
c 
ro 
L 
+J 
QJ 
> 
·r-i 
+J 
ro 
....-! 
w 
a: 
t', ,..,..,. 
'''t'·.l ,, ~ 
' I 
' I
50 
' I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
\ 
·~, .. ,._ ,, 
100 
(a) S polarized 
50 100 
(b) P pp lar 1 zed 
150 200 250 
Frequency cm-1 
150 200 250 
Frequency cm-1 
Figure 4.5 
CsNiC1 3 
A comparison of the spectra of 
(---) and RbNiC1 3 (---) at 1.7K. 
104 
300 
300 
rl 
I 
F-l () 
200 
150 
100 
50 
2+ Fe 2+ Co 
Figure 4. 6 The effect on the phonon spectra of replacing 
1 + . . AM 1 1 t e A 1on 1n C 3 crysta s . 
• Rb+ 0 Cs+ 
105 
106 
inverse square root of the masses of the chlorine and bromine 
ions is almost exactly the same as the ratio of the frequency 
shift for the middle line (table 4.10). If there is no force 
constant change between these compounds this is what would be 
expected for a mode consisting mainly of internal motions of 
the halide ion. 
The frequency of the 11 internal 11 halide mode being the 
middle of the three sigma polarization modes is not what was 
expected from consideration of the masses of the "molecules" 
involved in each mode. This points to the force constants 
involved in the "internal" motion of the halides being quite 
weak compared to the forces involved in the other modes. 
The effect on the mode frequencies of altering the 
monovalent alkali metal ion is illustrated in figure 4.5 
which compares the spectra of CsNiC1 3 and RbNiC1 3 • Figure 4.6 
illustrates the frequency changes ,for the chlorine compounds. 
These figures show that altering the monovalent ion has 
little effect on the frequencies. There may be a small effect 
on the lower two absorption lines. The only conclusion that 
can be drawn from this is that any decrease in the mass 
change when replacing rubidium with caesium is offset by a 
compensating change in the force constants involved. 
The effect of altering the transition metal ion is 
demonstrated in figure 4.7 which shows the differences 
between the spectra of CsNiC1 3 and CsCoC1 3 • The frequency 
changes are illustrated in figures 4.8 and 4.9. These show 
that the frequency of the modes generally increase as the 
transition metal mass is increased. Hence for the transition 
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FIGURE 4.9 The effect on the phonon spectra of 
replacing the M2+ ion in AMBr 3 . The uncertainties 
are contained in the symbols unless shown otherwise. 
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Figure 4.10 Polarized spectra of RbCoBr 3 at 1.7 K. 
Sample thickness 0.08 mm. E and 0 are extra "phonon" 
lines seen only in RbCoBr 3 and RbMnBr 3 . i are 
unknown impurity lines. 
RbFeC1 3 
RbCoC1 3 
RbNiC1 3 
RbMnBr 3 
RbCoBr 3 
CsMgC1 3 
CsFeC1 3 
CsCoC1 3 
CsNiC1 3 
CsMgBr 3 
CsMnBr 3 
CsCoBr 3 
CsNiBr 3 
68+ 3 
-1 
73+ 2 
-2 
78+ 3 
-3 
54+ 3 
-3 
60+ 5 
-1 
77+ 2 
-1 
74+ 2 
_1 
76+ 2 
-2 
75+ 3 
-1 
60+ 1 
-1 
60+ 2 
-1 
60+ 5 
-2 
63+ 3 
_1 
111 
156+ 2 240+ 5 43+ 3 176* 
-1 -1 -1 
176+ 2 
-1 
250+ 5 
-s 
45+ 2 
-2 180* 
177+ 2 
-2 
252+ 5 
-5 
50+ 2 
-2 207* 
99+ 1 
-1 
180+ 10 
-10 
46+ 3 
-1 144* 
110+ 1 . 
-1 
190+ 5 
-s 
42+ 2 
-1 160* 
- -
46+ 1 
-
-1 
153+ 3 
_1 245+
5 
_s 54+
2 
-2 190* 
167+ 2 
-2 
233+ 7 
-5 
50+ 2 
-1 195* 
176+ 1 
-1 
244+ 5 
-2 
53+ 1 
-1 200* 
96+ 5 
-5 
217+ 10 
-1 0 
38+1 
-1 142* 
100+ 1 
-1 
192+ 10 
-10 
42+ 2 
-2 150* 
112+ 2 
-
40+ 5 
-
-1 -5 
116+ 1 
-1 
200+ 5 
-5 
48+ 1 
-1 170* 
frequencies listed in cm-1 
* the uncertainty in these line positions is ±20 cm- 1 
TABLE 4.8 Transverse Optic Phonons in CsNicl 3-Type Crystals 
RbFeC1 3 
RbCoC1 3 
RbNiC1 3 
RbMnBr3 
RbCoBr 3 
CsMgC1 3 
CsFeC1 3 
CsCoC1 3 
CsNiC1 3 
CsMgBr 3 
CsMnBr3 
CsCoBr 3 
CsNiBr3 
TO 
68 
73 
78 
54 
60 
77 
74 
76 
75 
60 
60 
60 
63 
LO \JLO 
VTO 
91 1. 34 
93 1. 27 
97 1. 24 
72 1.2 
98 1. 27 
87 1.18 
89 1 .• 17 
92 1. 23 
77 1.28 
69 1.15 
75 1. 25 
76 1. 21 
TO LO \JLO 
\!TO 
156 
167 
177 180 1. 02 
99 
110 111 1. 01 
153 
167 172 1. 03 
176 181 1. 03 
96 
100 102 1.02 
112 
116 117 1.01 
TABLE 4.9 Frequencies (in cm- 1 ) of the LO Modes in 
CsNiC1 3-Type Crystals at 1.7K. The uncertainties 
-1 
are typically ±2 em . 
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metal ion the force constant change plays a more important 
role in the change of frequency than the mass change. The 
mode which has the least relative change is the highest 
frequency one which either indicates that the force constant 
change is the least for this mode or conversely the force 
constant change is counteracted by the mass change. 
In summary all the 5 absorption lines of the phonon 
modes in CsNiC13 type crystals have been observed. The lowest 
frequency absorption line in each polarization is attributed 
mainly to motions of the "(NiC1 3 )-" and the "Cs+" ion, on 
the basis of the heavy ions involved. The middle frequency 
absorption line of the sigma polarization involves the 
"internal" motion of the halide ions. This assignment is 
given because it is the 11 odd man out" of the modes and 
because of its strong dependence on the mass of the halide 
ion. The highest frequency 
polarization is attributed to 
absorption 
mainly 
line in each 
motions of the 
transition metal ion versus the halide ions moving together 
on the basis of the lighter masses involved (compared to the 
lowest frequency mode). Table 4.11 summarizes these 
assignments. 
4.7 EXTRA "PHONON" LINES IN RBCOBR 3 AND RBMNBR 3 
In thin crystals (0.1mm thick) of RbCoBr 3 and CsMnBr 3 
two extra lines are present which do not seem to be due to 
water attack (figure 4.10). The first line is strongly 
absorbing and is very close to, and in thicker crystals 
merges with, the lowest mode in the sigma polarization. In 
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Frequency 
-
Br crystal 
Frequency 
- Cl crystal 
E1u A2u 
1 2 3 1 2 
CsNiX 3 0.84 0.66 0.82 0.91 
CsCoX3 0.79 0.67 0.80 
RbCoX3 0.82 0.66 0.82 0.93 
c.f. Vf: 0.666 M 1 Br 
Table 4.10 Ratio of observed phonon frequencies 
when Cl is replaced by Br in AMX 3 
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the pi polarization there is an absorption line which could 
be at the longitudinal optical mode frequency of this extra 
line. The second line is sharper and appears in 
polarization at about 40cm-l in both crystals. The 
the sigma 
presence 
of these phonon like lines raises the possibility that 
RbCoBr 3 and RbMnBr 3 have a slightly different structure to 
CsNiC1 3 • This may indicate that the x-ray crystallographic 
data for these two compounds should be re-examined. 
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Frequency Polarization Mode "Molecule" involved 
"high" 
"medium" a (Cl 3 )
3
- internal 
"low" { :
Table 4.11 Assignment of the lattice modes 
observed for CsNicl 3-Type crystals. 
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CHAPTER 5 
MAGNONS IN RbCoBr 3 
5.1 INTRODUCTION 
Magnetic excitations in ACoX 3 type crystals have been 
extensively studied because of the simplicity of the theory 
involved in their one-dimensional antiferromagnetic nature. 
Magnons have been reported in CsCoBr 3 by Johnstone et 
al (1980a,1980b) and by Lehmann (1981) using Raman 
spectroscopy and in ~sCoC1 3 by Lehmann et al (1981) using 
Raman spectroscopy, by Brun et al (1980) using far infrared 
absorption and by Breitling et al (1977) using a magnetic 
field to sweep the magnon line through far infrared laser 
lines. More recently, magnetic excitations in RbCoC1 3 have 
been studied by Lockwood et al (1983) using Raman scattering 
and Jorke and Durr (1983) using far infrared absorption and 
far infrared laser resonance. 
Theoretical work has been presented by Shiba (1980) 
and extended by Nagler et al (1983) , Johnstone et al (1980b) 
and Lehmann et al (1981). 
So far no studies have been made of the magnetic 
excitations in the only other cobalt compound isostructural 
to the above, ie RbCoBr 3 • This may be due to the difficulty 
of growing RbCoBr 3 • 
RbCoBr 3 has been reported as having the same magnetic 
structure as CsCoC1 3 (Melamud et al. 1974) and so the magnon 
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spectra may well be expected to be similar to CsCoC1 3 • 
Part 5.2 of this chapter outlines the theory of 
magnons in quasi-one-dimensional antiferromagnets. The 
results of far infrared absorption and Zeeman studies of 
RbCoBr 3 and their comparison with CsCoC1 3 is given in section 
5.3. Part 5.4 reports the observation of a possible 
antiresonance line in RbCoBr 3 and section 5.5 outlines 
preliminary work in the search for magnons in other CsNiC1 3 
type crystals. 
5.2 THEORY OF MAGNONS IN ACoX 3 TYPE ANTIFERROMAGNETS 
The cobalt ions in ACoX 3 type crystals are in linear 
chains well separated by A+ ions with the magnetic moments of 
the cobalt ions parallel to the chain direction. It is not 
s u r p r i s i n g t h e r e f 6 r e t hat t he mag n e t1c i n t e r a c t ion s w i t hi n the 
crystal are dominated by this linear chain. The magnetic 
excitations of one chain can be described by the effective 
spin 1/2 Ising antiferromagnetic Hamiltonian (Jorke and Durr 
1983) 
H = 2J E .{S~S~+l+ E(S~S~+ 1 +S~S~+ 1 )} + Ejg~bB S~ 0 ] ]] ]J JJ OJ 
where there is an external magnetic field (B ) parallel to 
0 
the c (=z) axis. 
Here J is the longitudinal intrachain exchange 
interaction strength. 
E is the relative intrachain transverse interaction 
strength 
There are two limits to the Hamiltonian. E=l gives the 
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totally isotropic Heisenberg model. E:=O gives the 
!-dimensional (linear chain) Ising model, 
For the Ising model the first excited state is highly 
degenerate at V= 2J for an infinitely long chain of atoms. 
However for a perturbation on the Ising model E: 1 is small and 
non-zero. In this case the degeneracy is lifted and the first 
excited state is a continuum from 2J(l 2E:) to 2J(1+2E:) for 
zero wavevector (K=O). 
Below a transition temperature TNl (the first Neel 
temperature), the relatively weak interchain interactions 
must .be taken into account. This is done by adding to the 
above Hamiltonian the perturbing term 
which is valid provided the molecular field (h) and E:J are 
much smaller than J (Shiba 1980). This is called the 
molecular field approximation where only the interchain 
longitudinal antiferromagnetic exchange interaction (J 1 ) is 
considered (Jorke and Durr). The addition of this term 
quantizes the excitation continuum into a series of discrete 
levels. 
Depending on the magnetic state of the nearest 
neighbour cobalt chains, several sets of these levels can be 
expected. For example if all the six nearest neighbour 
magnetic ions are antiparallel then the molecular field ,h, 
is 6J' giving one set of energy levels, If 4 of the nearest 
neighbour chain ions are antiparallel and 2 are parallel then 
the molecular field is 2J'. 
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Two different three-dimensional magnetic phases have 
been observed in the ACoX 3 compounds (Shiba 1980). 
The first, for temperatures below TN 1 , has two thirds 
of the chains antiferromagnetically aligned (the a and a 
chains ) and the other third (y) disordered (figure 5.1a). 
The y chains always experience zero net molecular field from 
the surrounding chains. For the and a chains 3 
antiferromagnetic surrounding chains give a field 3J'. The 
other 3 surrounding chains can contribute +J' or -J' each to 
the field. There are 8 possible combinations of the three 
disordered chains (+++, ++-, +-+, -++, +--, -+-, --+ and 
---). So for 1/8 th of the a and a sites these chains 
contribute 3J 1 giving a total field of 6J', for 3/8th of 
the sites they contribute 1J' giving a total field of 4J', 
for 3/8th of the sites they contribute -1J' giving a total 
field of 2J' and the last 1/8th contribute -3J' to give a 
total field of OJ'. The probabilities for each contribution 
to the field are then 1/12th for 6J' (2/3rds of the chains 
a and a) for 1/8th of the sites) 1/4 for 4J' (2/3rds of the 
chains for 3/8th of the sites), 1/4 for 2J 1 (2/3rds of the 
chains for 3/8th of the sites) and 5/12th for OJ' (1/3rd of 
the chains (y) for all sites and 2/3rds of the chains 1/8th 
of the sites) giving 3 sets of lines (called the A, B1 and B2 
lines for 6J', 4J' and 2J') and a continuum for OJ'. 
The second magnetic phase of ACoX 3 compounds occurs 
for temperatures lower than TN 2 • In this phase,next nearest 
neighbours have the same spin direction (figure 5.1b). In 
this case 1/3rd of the chains experience a net interchain 
Figure 5.1 
ab plane. 
(b) T < TN 2 
The ordered structures for RbCoBr 3 in the 
2+ Only the Co chains are shown with their 
spin direction marked by up(+), down (-) or random (0). 
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field of OJ' and 2/3rds have a field 6J'. These give rise to 
the continuum and the A series of discrete lines 
respectively. 
At the Brillouin zone centre (K=O) the frequency of 
the lines in the magnon spectra can be calculated from the 
tridiagonal matrix (Johnstone et al. 198Gb) 
s for i=i'+l 
= 0 elsewhere 
The eigenvalues of this matrix are the quantum energies of 
the magnons in units of 1/2J. The values of J, s, and h for 
the appropriate material can therefore be determined by 
comparing the experimentally determined magnon frequencies 
with the eigenvalues of the above matrix. 
5.3 RESULTS 
In magnon studies using far infrared spectroscopy it is 
necessary to optimize the thickness of the sample. On the one 
hand this must be thin enough to permit general transmission 
in the region of interest (which also includes absorption by 
lattice phonons) and on the other hand must be thick enough 
so that any discrete magnon absorption lines show above the 
background noise level of the signal. For RbCoBr 3 at 1.7K, a 
lmm thickness was found to be optimum. 
The far infrared p± polarized spectra for CsCoC1 3 is 
shown in figure 5.2a. The lower frequency edge of the 
continuum absorption can be easily seen at 82cm-1 Some 15 
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discrete magnon lines are observed within the range 80 to 140 
cm- 1 . These are listed in table 5.1 and agree with the values 
reported previously by Lehmann et al. (1981). The magnon line 
widths -1 -1 are typically less than O.Scm • The magnon at 89cm 
coincides with the frequency of a longitudinal optic mode of 
a phonon which raises the possibility of a phonon-magnon 
interaction. 
The transition temperature to the fully ordered phase 
(TN 2 ) in CsCoC1 3 is approximately 9 Kelvin (Melamud et al. 
(1974). Below this temperature the A series of lines should 
have the strongest absorption intensity. This is not the case 
for the CsCoC1 3 far infrared spectrum presented here. All the 
magnon lines seem to be of similar intensity. This is in 
contrast to the Raman results of Lehmann et al. (1981) where 
the A series dominates the 2K spectra but all series have 
approximately equal strengths in the 10K spectra. 
Temperature dependent studies need to be carried out 
on CsCoC1 3 to determine whether the B1 and B2 series of lines 
become stronger above the lower transition temperature of 9 
Kelvin (i.e TN 2). 
The far infrared spectrum for RbCoBr 3 , in contrast to 
CsCoC1 3 , has only two magnetically dependent lines (magnons) 
observable below 140 -1 em (figure 5.2b) Their widths 
(a proximately -1 3 em ) are considerably more than the magnon 
lines in CsCoC1 3 , The low frequency edge of the continuum 
absorption for RbCoBr 3 is hard to positively identify because 
-1 
of the proximity of the strongly absorbing phonon at 160 em 
although it may tentatively be given as 89 cm-1 
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resolution 1 cm-1 
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Figure 5.2 A comparison of the magnon spectra 
of CsCoC1 3 and RbCoBr 3 at 1.7 Kelvin. 
P phonon j magnon ? not known 
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CsCoC1 3 
82.5 + 
86.5 
87.0 
89.0 
90.5 * 
94.5 
98.5 
100.0 
101.0 
105.0 
106.5 >:< 
110.0 
113.0 
120.0 + 
121.0 
124.5 
128.0 '~ 
1.30.0 
133.5 + 
135.5 + 
139.5 + 
RbCoBr 3 
Experimental 
100 
120 
Calculated 
100.0 
119.7 
134.7 
147.6 
Table 5.1 Observed magnon line frequencies for CsCoC1 3 and 
RbCoBr 3 • 
* The A series of lines as assigned by Lehmann et al. 
( 1.981). 
+ Possible magnon lines not seen by other workers. 
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-1 -1 The first lower energy magnon at 100cm +0.5 em is 
the stronger having approximately twice the absorption 
strength of the magnon at -1 120+0.5cm • Both lines have 
Zeeman splittings corresponding to a g value of 3.8+0.4 
figure 5.3) as compared to 4.8 for CsCoC1 3 , 4.2 for CsCoBr 3 
Lehmann et al. 1981) and an average value of 4.2 for RbCoC1 3 
(Jorke and Durr). 
The absorption at 111 cm- 1 is at the frequency of a 
longitudinal optic phonon. Because of the absence of other 
strong lines,the magnon lines are assigned to the A series 
of lines where h=6J'. The absence of any other series of 
lines indicates that RbCoBr 3 at 1.7 Kelvin is in the fully 
ordered 3 dimensional phase as expected. 
The eigenvalues of the tridiagonal matrix can now be 
fitted to the two magnon lines in terms of the longitudinal 
intrachain exchange strength (J), the transverse intrachain 
exchange strength (£) and the longitudinal interchain 
exchange strength (J'). 
Because there are only two lines observed but 3 
parameters in the matrix, one of the parameters must be 
fixed. E is chosen to be 0.13 as this is the value for both 
CsCoC1 3 and CsCoBr 3 (Johnstone et al. 1980b). The matrix was 
limited to 10 dimensions (which corresponds to a chain of ten 
atoms) as there was very little change in the first ten 
eigenvalues when the number of dimensions was increased to 15 
and the least change was in the lowest frequency values •. The 
results of this fit for RbCoBr 3 are reported in Table 5.1. A 
130 
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rl 
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tl 
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Magnetic Field (Tes1a) 
FIGURE 5.3 Zeeman splitting for magnons in RbCoBr 3 
at 1.7 K. The solid lines correspond to level 
shifts for g=3.8. 
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Interchain 
lattice 
constants (A 0 ) 
Intrachain 
lattice 
constants (A 0 ) 
Intrachain 
exchange (J) 
Interchain 
exchange ( h ) 
Anisotropy (c) 
CsCoBr 3 
7.52 
6.32 
50.5 
0.11 
0.13 
RbCoBr 3 CsCoC1 3 
7.34 7.202 
6.26 6.05 
51 49.2 
0.06 0.037 
0.13 0.13 
Table 5.2 Comparison of inter and intrachain parameters for 
CsCoBr 3 , RbCoBr 3 and CsCoC1 3 • The CsCoBr 3 and CsCoC1 3 
exchange parameters are from Johnstone et al. 1980. The 
interchain and intrachain lattice spacings are from Ackerman 
et a 1. 197 4 
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comparison of the parameters from this fit with those 
previously reported for CsCoC1 3 and CsCoBr 3 are given in 
table 5.2 where it can be seen that the interchain exchange 
parameters are sensitive to interchain spacing. There is 
little change for the intrachain parameters even though the 
intrachain distance change is comparable to the interchain 
change. 
Temperature dependent studies need to be carried out 
on RbCoBr 3 to find out whether there is a transition to 
partial three dimensional ordering between 1.7K and the Neel 
temperature at 36 Kelvin (Melarnud et al. 1974). If there is a 
transition then the appearance of the B1 and B2 series of 
lines would enable a better fit of the parameters E,J and J'. 
5.4 A POSSIBLE ANTIRESONANCE IN RBCOBR 3 
( -1 In high resolution runs 0.2cm ) of the absorption 
spectra in RbCoBr 3 using sigma polarization, an unusual 
feature was observed at 114.6 cm-l (figure 5.4). It has the 
features of an antiresonance line. 
When a transition takes place into a discrete state 
superimposed on a continuum state, and when both states 
interact, the line shape of the absorption shows a 
characteristic asymmetric peak or dip. This phenomenon is 
known as antiresonance (Kishishita and Kaifu 1972). 
The effect has been reported in many systems; in the 
1 2s2p P resonance of He observed by inelastic scattering of 
electrons (Fano 1961); in the sharp electronic energy levels 
noise level 
Sapphire, glue 
and polarizer 
130 
RbCoBr 3 very thin 
t 
magnon 
100 
Figure 5.4 
at 1. 7 K . 
110 
-1 Frequency (em ) 
RbCoBr 3 BOlJm 
t 
magnon 
120 
Antiresonance line observed in RbCoBr 3 
The thin crystals are bonded to a sapphire 
substrate with cyanoacrylate glue. 
Resolution 0.2crn-1 Polarization a 
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observed in x-ray irradiated calcium fluoride doped with 
dysprosium superimposed on a broad background of colour 
centre absorption (Taylor 1969); in interference between 
exciton resonance of copper iodide micro-crystals and the 
light scattered from these crystals imbedded in potassium 
iodide (Kishishita and Kaifu 1972) and even in string 
instruments where the effect is due to the coupling between a 
string resonance and the principle body resonance of the 
instrument (Gouth 1985). 
The feature shows strongly in high resolution, sigma 
polarization spectra of RbCoBr 3 (Figure 5.4). It does not 
occur in high resolution background spectra of the polarizer 
or sapphire and glue or both. This clearly indicates that the 
effect requires the presence of RbCoBr 3 • 
In thicker samples the feature is easily lost on the 
1 
side of the nearby phonon ( at 110cm ). However the strength 
of the feature does not follow the thickness of the 
sample. This indicates a surface effect, possibility due to 
an interaction between the crystal and the glue. There is a 
possibility that water attack at the surface of the crystal 
is involved, 
The feature appears in the pi polarization spectra but 
is much weaker and is hard to distinguish from the noise 
level. 
Since antiresonance occurs in general when a discrete 
state coincides with a continuum absorption there is a 
possibility that some very sharp magnon interacts with the 
magnon continuum state (J 1 0). This though is countered by 
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the fact that the "antiresonance" line position does not 
correspond to any known magnon line in RbCoBr 3 • The magnons 
are also seen only in the pi and not the sigma polarization. 
This phenomena is reported here for completeness. 
Further work needs to be done to determine whether this 
effect occurs in other crystals having similar structure to 
RbCoBr 3 , 
5.5 A PRELIMINARY SEARCH FOR MAGNONS IN OTHER CSNICL 3 TYPE 
CRYSTALS 
Magnons were also searched for in various other 
magnetic crystals of the same structure as RbCoBr 3 • These 
included RbMnBr 3 , RbNiC1 3 , CsNiBr 3 , CsNiC1 3 , CsFeC1 3 and 
RbFeC1 3 . Various lines other than the expected lattice 
phonons were observed in polarized spectra of thick (lmm) 
samples. Some of the lines subsequently were found to be at 
the longitudinal optic frequencies of phonon modes. This 
highlighted the need for the phonon spectra to be well 
understood as in chapter 4. 
Table 5,3 lists the absorption lines that are not 
accounted for by the transverse optic phonons, longitudinal 
optic phonons or obvious water attack. As most of the 
remaining lines fall into distinct groups, including one 
-1 group of three or four lines between 100 and 140cm and one 
of a line -1 at about 30cm , most may yet be attributed to 
water vapour attack. 
Magnons can only be clearly distinguished from phonons 
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0 n 
RbNiC1 3 120 132 140 123 140 
CsNiC1 3 112 116 133 142 36 
CsCoC1 3 109 114 119 126 131 33 
CsMnBr 3 127 
TABLE 5.3 Unassigned absorption lines in thick crystals 
of the CsNiC1 3 structure. Samp thickness are 
typically 1 mm. 
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and impurity absorption lines by their temperature dependence 
or by their behaviour in a magnetic field. However bear in 
mind that some phonons couple to magnons of similar energy 
(Lockwood et al. 1983) and they therefore have a magnetic 
field dependence. Apparatus for variable temperature 
measurements was not available for the far infrared 
measurements reported in this thesis. Some Zeeman experiments 
were attempted 
shielded from 
before the bolometer element was 
the magnetic field but no conclusive 
fully 
results 
were obtained. Insufficient liquid helium prevented a later 
Zeeman search of Mn, Fe and Ni based CsNiC1 3 type crystals. 
This work could form the basis of a future project. 
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CHAPTER 6 
CONCLUSIONS 
A Commodore PET microcomputer has been interfaced to 
the Grubb Parsons IS3 far infrared interferometer to control 
the interferometer and to allow the Fourier transform of the 
spectra to be carried out in real time. This has resulted in 
a considerable increase in productive experiment time. 
A new He 3 cooled boiometer has been designed and 
constructed. This involved considerable development in the 
design of suitable He 3 refrigerators. The bolometer was 
incorporated into a new superconducting magnet and Dewar 
system which enabled Zeeman experiments to be carried out in 
magnetic fields up to 5 Tesla. The magnet is placed as low as 
possible in the Dewar to maximize the running time at high 
fields. The resulting problems of the magnetic field of the 
magnet effecting the bolometer element have been successfully 
overcome by magnetically shielding the element with a 
superconducting shield. 
The theory of the transmission of radiation through 
slabs of non-isotropic dielectric crystals mounted on a 
dielectric substrate has been developed. These slab equations 
show that radiation incident normally onto thin films 
produces absorption lines at the transverse optic modes only 
<ll~o 
but at non-normal incidence absorption lines are producedAat 
For large angles of 
incidence and low dielectric constants another, smaller, 
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absorption line is expected above the longitudinal mode 
frequency. This is an effect similar to total internal 
reflection in an isotropic dielectric. 
As the sample thickness increases, the transverse optic 
mode lines broaden asymmetrically but longitudinal mode lines 
broaden symmetrically. For thick samples the transverse mode 
frequency is near the lower frequency edge of the absorption 
band while the longitudinal mode frequency is near the higher 
frequency edge of the absorption band. The slab equations 
reproduce all the main features of the far infrared 
absorption spectra of, CsNiC1 3 type crystals. 
The infrared active phonons in thirteen crystals of 
the CsNiC1 3 type structure have been reported. A factor group 
analysis of the structure, together with polarization 
studies, have enabled the absorption lines to be identified 
with particular phonon modes of the crystal. For RbCoBr 3 and 
RbMnBr 3 , extra phonon lines indicate that these may be of a 
slightly different structure than the CsNiC1 3 structure. 
Further x-ray diffraction work at low temperatures needs to 
be undertaken to test this hypothesis. 
Two magnon lines have been identified in RbCoBr 3 at 
lOO+O.Scm- 1 and 120+0.5cm 1 through polarized Zeeman 
spectroscopy. Each magnon has a g value of 3.8±0.4. Using 
the perturbed Ising (linear chain) model, and assuming a 
relative transverse magnetic exchange interaction (anisobbpy 
constant) of E .13, the mag non energies determine a 
longitudinal intrachain magnetic exchange interaction J of 
value 51cm- 1 and a relative interchain exchange interaction 
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h/J of 0.06. These values are consisttnt with those reported 
by other workers for CsCoC1 3 and CsCoBr 3 in their fully 
ordered, 
neighbours 
direction. 
three dimensional magnetic structure where 
~~ the next nearest chains have spins in the same 
A possible antiresonance line was found at 114.6 -1 ern 
in RbCoBr 3 at 1.7K. The line strength does not vary with 
thickness thus indicating a surface effect. Further work is 
needed to investigate the cause of this phenomena. In 
particular, high resolution, polarized Zeeman spectra are 
needed. 
Magnons in ACoX 3 crystals have been reported by other 
workers using Raman Spectroscopy. The dark crystals of AMnX 3 , 
AFeC1 3 and ANiX 3 are not easily examined by Raman 
spectroscopy. These crystals are amenable to study using far 
infrared, polarized, Zeeman spectroscopy as shown by the 
preliminary spectra reported in this thesis. Such a study 
could form the basis of a future project. 
APPENDIX 1 
Fourier transform program written in 
Basic to run on a Commodore PET microcomputer 
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15:::C'l IIE:•:Tz 
1 ~;::::9 I "'T I 
1 ~i:;JO IF f L ·-·l ( I C+.60 fHEH 1 !::·~H:t 
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16f:HJ F'CII<FA:::::;:J95, .I : S'r':;:;;~~:3 15:.;: ~ POKE4B:3::::•!"'i, 6: f12:"PEEf< ( ;,:4(16~'·:;. +:e·;::;,:;M:'E::FI< < ,7:'1 rJ.::4 > ~ Pk l HI fQ .: 
1610 IF n;:'-•.:: 1 • ;,~~;l"i1'6l~~ THEI·l fl l '"F1:2 1 00'10 1 !"'·'?f: 
it'S 11 TEJ·IP:::•H? 
161 ;:: T"'Tl 
1613 IFfJ-1<TC*60fHEN1613 
1614 Pffi~E48895,1:SYS231531POKE48895,6 
tt:: 15 n;'-'''"PEE 1::: •:: ?<I o":;~i > +:::::st.:+.PE::E:.I<< ~~40t.4) : P'H ItHYt::,: 
161 6 n.: o::tl:::::<TE:t·IP--1 Fl) CIR S:: n::zyn::::NP+ 1121) THEI·4 TE:f·1F''"i:'l::2 : OOTCIJ 61 '~' 
1620 FORZmlfODX/5 
Jr:C;:;:· 1 i''t.II.:E<H:.m~l::; .. 1 : T r l''EFI•:: < 409?'·'1) < t;:;::'.i THFH l'''f'fl,· F*''''i?•''. ;~·::::<;·.: ~ f''l tJ<: 1·:·,,4:3:"1·,i~'i _ ,:; 
16:;;·;::;· tiE:,·Cr:?: PH I HTt:::HfUc <? ':t 
1 6::3~~1 TEt·H"~'O 
166!:) T""TI 
l 6:~:0 J' F T T -T <TC#.60 THEH J t:::::o 
1'?00 POkE48895,1 :SYS23t531POKE48895,6 
1?12 A3=PEEK(24065)+256*PEEK(24864):PRINTH8 
1715 l F O::fi::O: ClEI·IP--:1. 121 )(If.;: 01:3>TEt·1P+ 10) THEH Hc:t'li''""fi3 :: C•UTOJ 66C1 
1720 lF fi3>H2 THEH fll=A2:A2=A3~GOTO 1620 
1721 FORZ=llDDX/5 
1·?;;;!2 POKE4;J::;:::)~:; ,. J :IF PEEK 0:: 'fi:i:r9?4) < 1 ;;~::':THEH POf:J:4i?l9;·''6 .• ;-:;:!:'<~" r.I::'OI:".I'A:~:::::~~~:; .. 6: IIFi::J ;.:: 
1?~~.3 l""l( 
1727 FR=(R3-Rl)/(ffiJ+r13-2*fl2>*2) 
l 7~"::::: f'F: Hli'lt 1 .. EF: -~ C~W:::H: :L :3 .~ CJ·JF.::i' o::Fl;.~.,...~~56) -~ CHF.::1:' ( fL><?!':':.-:·.;t. liH < 1-t~:. '2~:";(, > > ~ 
17.:':9 ~"~~:I IH EJ:;;: ,;t'l1 r.l'i;~ ~ fr3 
1780 K1=32760.5~·KV*ER 
1 ?:?-:5 IF I< l :.·-:~:;;:?6i~l 'T'JJE::t4 f< 1 ::::J< 1-<!:;~76('.1 
1 7:o!O 1<2=-::=:;;:-·;.".c;C1. 5+ It JC:HJ;,: 
1 7:3~< lF f:::z:.,32('6f1 THEH JG::<:=l•::;.:;:-:32?61.3 
1 :JCH3 POI•:J::2··1!:':i•'l9 ,.J< l. /2!56 ~ POf•::E:::::454::;:! ·' l<l ·-2f.)6;t.: I t·H'<Vl ,-•,;::56 > 
1805 POKE24436,K2/2561POKE24428,K2-256*INTCK2/?56) 
1 :;);~~0 i<,E!f!Sf:::);;;;~;+; 0::0, ~I+Ef:c > 1 POf:::E24()66 ·' :•-:;,.-•:;:.56 :: POI•::E2•H:.i6;-' , 1<:-:?~·,f,:'f, J I~ I'< ;,; .. ·~,:~:<6 :> 
2150 A4=A2*(0.5+ER> 
:::-: 1'?0 F'(IJ•:·t=.;;:::"l 064 , f~'l /;?~)6 : POI<::E24i.16!::1 .•· A4-:2:"'<6#. I HT ( fl4,···';::~5G) 
2190 ::::•,.•::;:;24:?24 
;;;::~~CK1 PPIHT"~J!J "fl2 
:::0(,10 00:31.1£':;;': : 1·1 I HDOH:3 ~ PVt·1EN: 00:31_18~:1(1 
::::040 oo::::ue,J o 
:34013 ;::>:f:f!SE'+:::~ : PCII<E24066,. ::f...-·':2~56 : POJ<E~~406'? .• l,; .. ~;;:t'io::.:+o I HT ;,<,·':;'~16) 
8460 POKE24064.R3/256:POKE24065,A3-256*1NT(fl3/256 
84'?0 PRINT#1,.CHR$(~3/256);CHR$(A3-256:+iiNTCr13/256) 
:34:30 :~;:'r'f.;242::24 
:'.::490 PF~ I ~-iT" :,;.JJ " l n::::: 
8600 FOR I·~ TO HS 
8710 IF TI-T<TC*60 THEN8710 
8711 B=lNT((TI-T)/6)/10 
(3720 PCH<E48t39~-~ ... 1 :: ::;;tT1 S~:::;) 1 ~:t::::< 
8721 FOR Z•lT(~X/5 
:3;;·,::~2 IF PEE1<(4f:i9?4>:.>t:::7·n·IEt·l 10j 2E1 
8'?23 POKE40976,252 
8725 t~E::·::T ~-~ .. 
8728 P0f<E48895,6 
:;37:::::[1 T~:.T I 
::::::c::oo PR x t·IT "i:;i" I .~PEEl<.:: 24064 > :+:~::st>+PFEI: .. .:: :;:·•1 n.c;5 > II u II .r. r 1 :t ; n II ~Y 
::Xil;)~~ PF~ I HT# J ,. CHR::I' .:' t=·EEK 0:::24\:\64 > > .r. CHf'U: r'FEf:.: ( ;A~Jl'c·~;) :o > 
:3t=;:~~~~O S'1'8;;~~~l :;:~z-~4 
:cJl.:'lU J C;Crfi.J; : l F fl:l'"" 11 1..1 11 THEI·I 0f)::Ca.li)~50 
::IC1(,1;? IF f'l:t''" 11 ::;: 11 ·1 HEH J.\'11.2(1 
9003 IF fH= 11 A 11 TI·H:H (J0:3UB 5~1::::.;::;::'"1 :F:t''" 11 rl 11 :C:<~)lU 1::3(1'30 
ilcll.'iOO I r· fU''"" F" THI:'J··I PI;;: I HT "i;i!lUm~l" Tl''ll:-.: ( :::c':• ,:o "J:•F '' ; f"cf:~.: "F " 
1 o J 1?1..:1 r·lt:'}<T .1 
l 01 ~:0 GO:SUE:!::•O 
1 ('11 50 :~;s"'- I 
J.''·liCIIC) [lt:L(I::;:;t;:_:lf J 
1 ,.::::.on t·J::::::t::~," ::::" +IH• 
I ?00\·J DOI"'El-111:=~ ·' 0:: H:;;,:~;) .• l·i : IF D::::>~':OTI-Hc:l·l?OI:JO~~~ 
t ·_,.o 1l'1 r-:-r;,: 1 H rtt2, :~::t: Pt::;· nrrtt~2 .- r.::sTn~n +DI< ~ tc·p rt-rn1;2, DK 
I ;"02!":1 PFl I HT:tt;:::, CHR$ O::F'EEf< o::;~4(f?~·; > > .~ CI·IP$ < f·'EEt•:: < ;:'40?6 >:, ~ 
17100 FOR I= 1 TO NN 
1'?200 Pf;ct tff•H ~~ .• CHf:;::t: o::f'EEI< < !.495;:;;:+2:>~- I ::0 > n:::·t1H:l> 0:: PEFI•>:: :14::.•':'.1; ;:>.+;-- J :.• ·;. .~ 
J ·.:::::oo HEKr 1 
l ?•lUO DC:t.o::::E#2 
l '?4:~:.'; :~:I•IAK•"•PEEI< 0: ;;::,t~.:r?~5> t;:;~;:i6+PEEI< •:: ;',::4\0176 > 
1. ?'I :::n l•::fi::-:; H';:= 0:: f<B I 0·-·I<STnRT) /DI•:: 
17490 POKE48895,1:Pm<E40968,01POKE40970,0 
17492 FORKm1T01000lNEXTK 
1 ·;::·~.J::;o F'I')Kf:~·1 (19?4 ... ;;~5!5 : ~~ 1. e=(J : ;;::·~-::.."!2~~tzt :: ;;::·::~:;:;;J : z~~ :::::::t(1 'J '1.f 1 :;::o : '·J 1;;.:·::=::; 
1 ('~:; 10 OCI:;:;IJ[~;;:;\;i'/t~i3 
17515 FORI=0f0225STEP 25 
1 ;:·~; J 6 FOR.J=OT0~~5 
17517 POKE40978,I~J1HE~TJ 
17518 FORKm1T070:NEXTK 
17520 POKE40968,245 
17522 FORK~JT070:NF~l·K 
17524 POI<E::4~?:1Sl•'?.f{ .•. 2t::;o 
17526 FORK•1T070:NEXTK 
1 ?!528 ttE;::;·r I 
l 7;:,;:~9 Kfli,:r:;::::"f:::t"li<IS-!':iC1 
1·;::·~~~::.:~) Z1;=;~:5l~ :;.~2=t;~l :~~:3:::::·~~1 :;?il:;::-~iO ~v1~:2~·;0 :'r~~~~:!:::Z:4~i 
1 ?!534 on:::UB<'2~J'."OO 
17548 FORI=250T0258TEP-25 
1 -;;-:s~l::l F()p_J,.,C1T02!:'< 
17550 POKE409'?0,I-J:NEXTJ 
17552 FORK•!TOi00:HEXTK 
17554 POKE40968,5 
17556 FORK=lTOlOA:NEXTI< 
17558 POKE40968.0 
17560 FORK=1T0100:NEXTK 
1 ?~<813 tlf.::,;T I 
17608 FORI=lTO NN 
17650 S=F'EEK<14952-2*I>*256+PEEKC14951-2~1) 
17700 IFS>32768 THEN S•l 
17750 9=8*258/:SMAX 
17751 JF S=SO l'HEH 17760 
17752 X=1:A2~1/(S-80) 
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l ;.-?!;',.:~ IF ~:::<SO THEI·I :•·•:=·-J. 
1?760 FOR L=SO TO S STEP X 
:t 'i'?"?I:J POI<F"Il~51?0 ... L 
1 ;:••nch:1 IFJG~~::i5 THEil POI<F,II:::196:::: ... T+Fl.:!i•.:'l.-·'c':O> 
:1 -;;":;::t:;o IIL::,.:TL 
1 "?0"?() ::;.;f}=-S 
.!'?90121 HE:·n· I 
17901 PC~E40974,0 
1 :::t:10(1 t ''"'Vf1L ( 1;,: l OHT:T. < t·N:: ... LE.I'··I < tl:t: > --4 :., ) 
t::=:oJ.O I·I$:=LE:FT:J::(H:f: . .4>+rn:OI·ff:f:(~~:·nl:i:>::H+l :0, LFII<~:-:·1 Pi· .:till> :0~1) 
18030 POKE48895,11NO=SS*DX~5+230 
18048 FORL=1TONO:PDKE4B976,254~NEX1L 
H.':O•~;:~ FOR J>" J TO :1 \:.100 :: t·IEi<T J 
t:=:t.l-·13 C•ETt1:t:: IF fi'~·"'"F" THEH F:I:~'"F" 
1".':0'~~~ lF F:t'"'"A" THEH OCLO~:::E ~:3CF::flTCII <t·tJ:) :F't·"·"l'" 
lG04~:l JF F:i:=:"F"TI·IFt·~ PCII<EA:::l::'::'l':i .. 6: JF' :f'·j;:="" :OOH•94 
ll1:H'I50 GC!l049(:) 
2(.10(30 ::·>~I 
2r:~::::oo J F :•·•:= 1 THEH PR I HT" .>:1" Cllr;U; 0:: '? > y 
2r:14 00 PP I I·ITD~:;:.j;" :J" ~ ):;=: ... ;,.:; ~ GOT02i::1:300 
20700 FOR I=Z1TOZ2 STEP 23 
20710 POKE40968,I 
;;:·o;>;':(l IF I<>~~mu::::; THEt·~ ;C:O'i'':.:I!:'J 
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20 ;.···:::>:) f"Of,~l•:>: 1 TO l 0~:1: HE:••:n::: F'OI:::£':"40970 ... 'r' J : I'UI::t:~'l 1:19 ?0, •,·;~-,: FCJI·:I::'"" ·1 TCl J 00: HEi::Tf< 
::;::o ?40 POI<E40::r;;''12l ... 'r' :1. :FOPf<=~ 1'1' 0100 ~HE)>:"! I< 
20~45 KAXIS=Kf1XIS+Z4 
2:0'?~)1~1 I·IFi(f I 
;,,,:q::;a) F:I:Tt.ll<:~·l 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
. 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
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" 
Machine code routine for Fourier transform program. 
The code is written to run on the Commodore PET's 
6502 microprocessor. 
.•· !:'iH'? l H9 :::;:.::j. L .. LIH :ff~j;:::::4 
... ~:::ir:·l·? ::::: :::::r:l ('I j fH:'I :;:; ·rr:t :1:.1:::10(1 J. 
. !5H'?(;: 1:::1::::1 FF' 1. .. r:1r1 :l:i:::t::F·r:· 
·" 
~~:;l::'t?':3 E::::) 0 1. !~::1::::c: :jj:::l::t;;:t :1. 
.•. !::'it=i?r::l [lt::;l r:·c:: E:r·IE::: ~1:=!5FI'?::::: 
.•· !;::ir::,·?c: r:t:) r:·r:= 1....[!1:::1 :11::~;r:·r:· 
·" 
!5fi'?'E: L:9 t;;'l J. !;;;;[;:c:: :!:1::~; t;;'l :l 
.•· !:'it=i:::::c:t [11;:'1 r:·c:: Eti···IF ::1:: ~';i Ft '?' E 
... ~:~if!:::::;;;~ rt:::1 :~::c:: I....Dt:::t :jf.::j:::::::c:: 
.•. !5ft:::;:.::j. ::::[1 1;:'1 l fit;:~ !;;:;T'fl :'1':1:::101;;'1 :1. 
.•· ~=:if!:::::·? HD 1?1 !. FICI 1....[11:::1 ~~FII;:'i(l :1. 
·" 
!;'iH:::::H :1. 0 r:·r:;: 1::::1 .. ·'1.... ::j::~)l:::l:::::-;::· 
... !::i fl :::: c: Ffl I···IC:IF:• 
·" 
!:'; r::l :~=: 1::1 E:1:::1 I···ICIF' 
·" 
!';'il:::l::::r:: cr::l I··IC:tP 
·" 
!:'iFIC:F· E:ft i···ICtF' 
·" 
!5H::)O E:H i··IC:IF' 
.•· !5(=19 :I E:(::l l···IC:tF• 
.•· !:::;r::,::::~:::: 1:::10 ~;:;ti;:'l 1:::1(1 L.Ltr::l ::j::f)(ll;;:l(l 
,r !:'iH::::J!''i :::;:[1 ('I :1 !::'it::: !;;::·rrt ::t::!:::;t;::O :I. 
·" 
!::ir::,:::~t:::: FILl ~;:;~;~~ Ht;;'l 1....[11:::1 ::t:.no~;::,::::: 
·" 
!::ir:I::)E: ;;;~:) (II:::· 1:::11··.1[1 :!*::j::t;;:IF' 
.. ~'iH9Lt :;~:[1 CKI !5E: !:;;:T'FI :'t::!;::i[~(ll;::l 
·" 
!":iHFIO 1::::e, F:'T'!::;: 
.•· J:':iflfl :1. flfl ·rH::·:: 
·" 
!:~i[IF·::;:: fl[l r:;:.::j. J:;:iF' LDH ::t::!;::iF'F4 
.•· ':'iDF·(: r::9 r::·f:: !:::;r::c: :!:~::t::r:·:;::: 
·" 
!;:i[IF::;:: !:::1[1 t::::~':i ~':;r::· I.... Dr:! :'t:: ~:; F t:::: !5 
... !;';,[IF'E: E9 '?'F:· !::::~:::c:: :l:f ~t:: '? r::· 
.•. !:'iLtl:::·c, .::j c: l ;;:: ~:;i[ . .:rt···tF· ::!>!'::;~::: l ;;? 
.•· !":it:::t;::tt;::, l?tt;:;, [:t:.::t< 
... !:.;it;;: l ;? :::)('1 :1. ~;:;~ 1::::c:c: :~:: !;';iE~:;;::: ,,:t. 
.•· !';'iF:' :1. 4 1:::1[) E4 !:;'iF' L..DH ::t::!=::;F::·r:::4 
.•· !'''iF 1 ?' E:9 F·:::: ~::::~:::c: :ll:::t;r::·::::: 
.•· !5t:::: l :::;, ::;3[1 E:4 !'':iF' ~::;·J·H ::j::!';:;F·E:.::j. 
·" 
!::;iF: :1 c: H[t E:!:::; !::iF t.. .. Ltrl ::j::!:::;F·E:!5 
!5[ l I"" E:::::l ·;::-r::· !::::Be :ii:~~::·?r:· .•· -· 
... !":iF:? l C[t L:!';;i ~;;iF' !:::Tr::l ::t::!:;:ir:·E::!:'; 
.•· 
!;;'i[::::~4 l:;;:t::;l F:·r~:::: 
.•· ~'i[';;;::!'''i nn T'FI::·:: 
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tl .•· 
'' .r 
11 ,r 
II ,f' 
II ,f' 
II ,I" 
ll ,f' 
u y 
II .1' 
" ,r 
u ,r 
II ,t' 
tt ,r 
II .1' 
u ,r 
fl ;r 
" r 
",1' 
u ,r 
II ,1' 
,, ... 
II.'' 
<l ,r-
II ,1' 
n ,1' 
If ,1' 
It ,1' 
II ,1' 
if ,f' 
If ,11" 
u ... 
• ,r 
It ,t' 
" ·' 
u ,r 
11 ,r 
II ,1' 
II ,f' 
11 ,r 
H .r 
II ,t" 
u ·'" 
II ,1" 
" ,r 
u ,r 
ll ,1' 
N ,1' 
",1' 
tl ,1' 
!:'iEHO fl5! t;;:tt~~ 
!5E:H;? ::.:o ('1[1 !5E 
:::; E fl !:=;i :::.: U 1?,1 E: ~~i E 
!::;r;:.r::l::;;: c:o OE: ::;'if:::: 
!':i E fl B :;::: 0 1;::u~:: ~:~ E 
L. [I H t~ ~1:: t;:j (1 
::;:: ·r 1:=1 :~:: ::::; E: 1::1 D 
::;;·rl::i J,:~~i[t;:'IF 
:::::·rt:::, :¥~':<E:::Ctl:::: 
~~: ·r n :'1': ;::; r::: o c:: 
5EAE A9 68 LOA #$68 
5EE:0 80 C$ 5F STA $5FC8 
::::iEB:::;: 
!5EC:;:; 
A9 67 LOA #$67 
80 CE 5F STA $5FCE 
A9 3A LOA #$3A 
:::;1::::orr 
!":iE:E:Ct 
!'.'iEC::O 
80 C9 5F STA $5FC9 
: ;:: D C r:· :::; r::· :;;;: T n :~:: ~:; 1=:: r::: F 
!5EC::::::: 
8E 0(1 5E STX $5E0A 
0E 01 5E ASL $5E01 
:::; E: c:: 6 ;;;~ E: 
!':iEC:9 Er::l 
:::;~::::ct:::r 1::::Ft 
!:"i!%CE: Efl 
::':.Ec:c: 1::::n 
::::. E C:: D 1:::: F1 
!5ECE~ 1::::n 
~;~ t:::t !;5 r:: 1~:: CH... ::t:: ;;;; E f·:n;;'t 
I···ICJF' 
I··ICtP 
I··!CtF' 
l··l()p 
I··IOF' 
t··IOF· 
:::~:::c:: 
5ED0 AD 01 5E LOA $5E01 
5ED3 ED 03 5E SBC $5E03 
5ED6 80 01 5E STA $5E01 
5ED9 AD 00 5E LOA $5E00 
5EDC ED 02 5E SE:C $5E02 
5EDF 80 00 5E STA $5E00 
5EE2 80 10 BCS $5EF4 
5EE4 (19 01 LOA #$01 
5EE6 ED 01 5E SBC $5E01 
5EE9 80 01 5E STA $5E01 
!;') [J~: c: F19 :;;;u;;;~ L. [11:::1 ''* ~~; ::::: 1;:1 
5EEE EO 00 5E SBC $5E00 
5EF1 80 00 5E STA $5E80 
5EF4 A0 00 LOY #$00 
5EF6 0E 01 5E ASL $5E01 
5EF9 2E 00 5E ROL $5E00 
5EFC 90 01 BCC $5EFF 
5EFE C8 INY 
5EFF 8C 0A 5E STY $5E0A 
5F02 H9 00 LOA #$00 
5F04 80 06 5E STA $5E06 
5F07 80 07 5E STA $5E07 
5F0A A2 lO LOX #$10 
5F0C 4E 04 5E LSR $5E04 
5FOF 6E 05 5E ROR $5E05 
5F12 90 13 BCC $5F27 
5F14 18 CLC 
5F15 AD 07 5E LOA $5E07 
5F18 60 01 5E ADC $5E01 
5F1B 80 07 5E STA $5E07 
5F1E AD 06 5E LOA $5E06 
5F21 60 00 5E ADC $5E80 
5F24 80 06 5E STA $5E06 
5F27 4E 06 5E LSR $5E06 
5F2A 6E 07 5E ROR $5E07 
5F2D CA DEX 
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!:'•F:;?E: r ('I u::::: [:EG:! ::j:: ~~:~ r:· ::~~ :3 
" ·'' 
-· 
. 
·'' 
!::iF :3(;1 ·•lC oc: ~:'il:::· . .:rl···jp :~::!'~iFOC 
n .•. ~::; r::- :::~: :::.~ nr' 1)1::;: ~'iF L..C11:::1 ::j:: ~;:i [;' t::t6 
" 
,r ~:::; r:::· ::::: (~: :::::L.r (11;:'1 !::'iF ~3"1"t=1 :~::~;'iE12tt;;'l 
" 
,r !:'iF::::::9 rtD 0'? !':<E !..Off :~::!:"iEt:::t·? 
" 
,r !:'; r:~ :;:: c:: ::;::[1 () I. !;':iF: :::::·rH t:!5EO l 
" 
,r ::•;F:'3F 4C: ·•:!1:1 ~::iF .Jf•'IP :!::!';:iF:'4t·=t 
' 
.•· 
~~·i r:· ,:l ;;;~ nr::, Tft::-:; 
,r !3F'd:::~ Hfl ·rn:··: 
" 
,r :;',F· ·•l·•'l HFi "I'Ft:•·•: 
" 
.•· 
:::; !:;~ j;l !~:~ HFI TH>< 
" 
... !!:'il'·'46 I~'IFI Tt='t:•·•: 
" 
... 
::;:;r·,::j.-;:;• FWI 'T'fi;<: 
" 
.•. !:'iF' 4 :~; f'tf'l rr::r:•·•: 
" 
,r ~'iF:·49 fiFI TFI:•·•: 
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Abstract. Expressions are derived for the far-infrared transmission at non-normal incidence 
of thin films of anisotropic single crystals. The sellotape stripping technique is used to 
produce suitable films of CdCh type crystals with the crystal c axis perpendicular to the plane 
of the film. With these films the frequencies of the Eu(TO) and Azu(LO) infrared-active modes 
have been measured for CdCh, CdBrz, Cdl2, MgCh, MnCh, FeCh, CoCh, NiCh, CoBr2 
and NiBr2 at low temperatures. Although Cdiz has a slightly different structure from the 
CdC]z type structure it has a similar spectrum. Powdered samples are shown to yield mis-
leading results due to the finite size of the platelets forming the powder and the preferred 
orientation of the platelets. 
1. Introduction 
CdCh type crystals are excellent hosts for the study of magnetic ions (Mn2+, Fe2+, Co2+, 
Ni2+) as isolated magnetic ions, as ion pairs and as clusters in the magnetically ordered 
lattices. 
These crystals may be considered close packed layers of anions with a hexagonal 
layer of metal ions sandwiched between every second pair of anion layers. Lockwood 
(1973) has carried out a factor group analysis for this type of lattice (D3d) to show that 
there are two Raman-active (Eg and A1g) and two infrared-active modes (Eu and A2u) in 
the long-wavelength limit (k 0). Each infrared-active mode has transverse optical (To) 
and longitudinal optical (Lo) components. 
The two Raman-active mode frequencies are comparatively easily determined and 
are unambiguously assigned on the basis of polarisation studies (Lockwood 1973). In 
contrast, the infrared-active modes have not been determined precisely, because the 
very strong absorption of these modes has required previous workers to study powdered 
samples dispersed in polyethylene or nujol (Lockwood 1973, Pollini et al1980, Anderson 
et a/1981). The spectra reported by these authors show the infrared-active modes as two 
broad overlapping bands. Frohlich (1948) and Martin (1970) have shown that for pow-
dered samples of ionic crystals the fundamental absorption does not occur at the trans-
verse optical frequency of the crystal, but between this and the longitudinal optical 
frequency. Furthermore the frequency of maximum absorption also depends on the 
embedding media. 
t Work done in partial fulfilment of the requirements for the MSc Dissertation of REM Vickers. 
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Campbell (1978) used a sellotape stripping technique to produce very thin (typically 
5~-tm) films of single crystals of CdBr2 to obtain unambiguously the Eu(TO) mode. This 
technique has now been extended to reveal other infrared-active modes. 
Section 2 presents the theory behind the interpretation of the results and § 3 gives 
the experimental techniques. Section 4 gives the results of thin-film, single-crystal, 
infrared transmission experiments and compares the spectra obtained with theoretical 
curves deduced from first principles. 
2. Theory 
The layered CdCh structure has DJd symmetry with a trigonal axis (the c axis) perpen-
dicular to the plane of the layers. The two infrared-active modes of vibration are the 
'in-plane' Eu mode and the 'out-of-plane' A 2u mode (figure 1). Both of these modes have 
transverse optical (To) and longitudinal optical (LO) components. 
Raman active lnfrnred nctive 
A19 80£] GtJ G Azu 
Eg eo~ G ~ G '" 
Figure 1. Symmetry coordinates for the long-wavelength optical modes of CdClz. The planes 
represent a plane of cadmium ions sandwiched between two planes of chloride ions. 
Born and Huang (1954) have derived an expression for the transmission of radiation 
at normal incidence through thin films of isotropic dielectric, by matching the electric 
and magnetic fields of the radiation across the film surfaces. They showed that very thin 
· films have a transmission minimum at the transverse optical phonon frequency Wro . 
The results were generalised by Berreman (1963) for the case of non-normal inci-
dence. For radiation polarised with the electric vector normal to the plane of incidence 
(the s wave) the transmission minimum is at the transverse optical frequency ( Wro) while 
for radiation polarised with the electric vector in the plane of incidence (the p wave) an 
additional minimum occurs at the longitudinal optical frequency ( Wr.o). 
These results ofBerreman (1963) can be generalised further to the case of anisotropic 
crystals with axial symmetry as follows. 
The dielectric constant e, the damping constant yand both the Wro and Wr.o vibration 
frequencies have different values parallel and perpendicular to the crystal c axis and 
these components are specified by the subscripts II and .l respectively. 
For the case of a thin film (d ~A.), with the c axis normal to the surface, and with 
radiation incident at an angle 8 to the normal, the transmission ratio for the p-polarised 
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wave is 
[1 
+ ro2d (sin2 8 J1 ( WtoJJ WfoJj) 
C COS 8 EooJJ ( WLoJJ - ro2 ) 2 + YtJ ro2 
y .L Eoo.l cos 8( WLo.L - roto.L )) J -1 
+ ( cofo .L - w2) 2 + ri W2 
while for the s~polarised wave 
T. = ( 1 + cifdy.lero.l (cotm rotoJ.) )-1 
s c cos e (coLo .l ro2 ) 2 + ri. ro2 . 
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Here dis the film thickness and cis the vacuum speed of light. The p-wave transmission 
ratio has a minimum at both ro = wto11 and ro = Wro.1, while the s-wave transmission 
ratio has a minimum at ro WroJ. only. For unpolarised light both transmission minima 
are expected. For CdC}z type crystals these minima are expected to be at the frequencies 
of the Eu(To) and the A2u(LO) lattice vibration modes. 
For the case of the crystal c axis parallel to the film surface and normal to the plane 
of incidence the transmission ratio for the p-polarised wave is 
T. = [1 + wld (sin
2 8 Y.1 (coto.L- roto.J + YJ.Eoo.l cos 8(roto.~_- Wfo.d)J-1 
p C COS 8 Eoo .L ( rotm - W2 ) 2 + yi W2 ( Wfo .l W2? + rl W2 
having minima at E0 (LO) and Eu(To) mode frequencies, while for the s-polarised wave 
T. = (1 + wld YJJEooJI (cotoll Wfojj) )-l 
s c cos e ( cofoll W2 ) 2 + ri ro2 
having a minimum at the A2u(To) mode frequency. 
For the case of the crystal c axis parallel to the film surface and parallel to the plane 
of incidence 
T. = (1 + wldl sin2 e Y.l (coto.L- roto.L) + YJJEooJI cos O(rotoJJ- rotoJJ) I )-1 
p C COS 8 Eco .l (coLo .l - ro2? + yi ro2 ( WtoJJ - W 2 ) 2 + Yff ro2 
having minima at Eu(LO) and A2u(TO) mode frequencies and 
(1 + wld Y.1Ero.L (roim WfoJ.) )-l r. c cos e ( cofo.~_ - w2 )2 + ri ro2 
having a minimum at the Eu(To) mode frequency. 
If a thin film of thickness much less than the wavelengths used is deposited on a metal 
surface then the mode associated with vibrations parallel to the metal surface is not 
excited because the component of the electric field parallel to the metal surface is zero 
at the metal surface. This technique was used by Berreman (1963) to observe the LO 
mode of alkali halide crystals. For reflection of radiation from a thin film deposited on 
a metal the following expressions are obtained when the c axis is perpendicular to the 
film surface: 
R. = 1 
R = ( 1 - 2 wld J1 (cotoJI- wtoJJ) )/ ( 1 + 2 ro
2d J:1 (roro11 rotoJJ) ) 
P c EooJJ (cotoJI- ro2 ) 2 + Yifro2 c EooJJ (rotoJI- ro2? + y[ro2 • 
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Figure 2. Configurations for obtaining all four infrared-active modes unambiguously from 
thin-film spectra. The narrow single-ended arrow shows the crystal c axis, the broad arrow 
the beam direction and the double-ended arrow the polarisation of the beam where necess-
ary. The metal reflector is hatched. It was not possible to produce thin enough films for the 
configurations in column (b). 
Hence reflectivity spectra for thin films with the c axis perpendicular to the film surface 
yield only the Azu(LO) mode. 
Figure 2 shows the experimental configurations that may be used to identify all four 
infrared-active modes. 
3. Experimental 
The CdClz type powders were first dried in a heated vacuum oven and then purified by 
passing dry HCl or HBr, as appropriate, through the molten material prior to sealing 
the material in quartz ampoules. Single crystals were grown by lowering the ampoules 
through a sharp temperature gradient as in the Bridgeman-Stockbarger technique. As 
most of the crystals are hygroscopic, the ampoules were opened and the samples pre-
pared inside a dry box maintained ~t less than 15% humidity. 
Because the crystals cleave easily along planes perpendicular to the c axis the samples 
were prepared by pressing sellotape against a freshly cleaved crystal surface and peeling 
off the sellotape. A thin layer of crystal adheres to the sellotape. Thinner samples can 
be prepared by sticking another piece of sellotape to the thin film and then peeling the 
two pieces of sellotape apart. The samples may then be covered with clear nail varnish 
to prevent hydration whilst transferring the sample from the dry box to the low-tem-
perature dewar. 
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Powder samples were prepared by grinding a single crystal with a mortar and pestle 
and then sprinkling the resultant powder onto sellotape. Excess powder is scraped off 
with a razor blade. 
The reflection experiments required thin films of crystal to be in close contact with 
a metal substrate. This was achieved using the Rutherford approach by compressing a 
layer of crystal between two aluminium plates using a hydraulic ram. A thin layer of 
crystal adhered to the metal plates. Surplus material was peeled off one of the plates 
leaving a very thin film in direct contact with the metal. However, this technique did not 
yield reproducible samples, so it was eventually dropped in favour of the tilted-sample 
transmission method which yields the Eu(To) mode as well as the A 2u(LO) mode. 
Far-infrared spectra were recorded using a Grubb-Parsons Model IS-3 Fourier 
transform spectrometer, with a 3He-cooled, doped germanium bolometer as a detector. 
All samples were immersed in liquid helium at 1. 7 K. Transmission spectra were taken 
using unpolarised radiation incident at 60° and oo (axial) with respect to the normal of 
the plane of the sample (figure 2(a)) and then ratioed against background spectra of 
sellotape and varnish only. For the reflection spectra, radiation was incident at 45° to 
the normal and the spectra were ratioed against background spectra obtained from 
reflection from an identical metal substrate only. In all cases the beam was not collimated 
and had a beam spread of approximately go either side of the beam direction. 
4. Discussion 
4.1. CdC/2 type crystal 
The different configurations used for taking spectra of thin films with the crystal c axis 
perpendicular to the plane of the sample are given in figure 2( a). Figure 3( a) shows the 
spectra obtained for the CdBr2 samples. The axial spectrum shows unambiguously the 
Eu(TO) mode at 113 ± 1 cm-1with alinewidth (FWHM) of 10 cm-1. 
The reflection spectrum shows the A2u(LO) mode at 182 ± 2 with a linewidth (FWHM) 
of 15 cm-1. The sample for this configuration is difficult to reproduce and has several 
drawbacks. The Eu(TO) mode is not completely eliminated due to the sample being too 
thick; the A2u(LO) absorption line has a wide bottom indicating that the crystal does not 
cover all the sample area; the centre of this line also occurs below the A2u(Lo) absorption 
as found in the spectrum where radiation is incident at 60°. This is consistent with the 
observation that the sample is coloured white indicating that in compressing the crystal 
onto the metal plate the film is extensively fissured and thus behaves much like a 
powdered sample. 
Because of the above difficulties it was found that more accurate and reproducible 
results could be obtained using tilted thin-film samples where radiation is incident on 
the film at 60° to the normal. Both the Eu(To) and A2u(Lo) .modes are observed with the 
A2u(Lo) line being at 184 ± 1 cm-1withlinewidth 8cm-1. 
The shape of these spectra are in fair agreement with the theoretical expressions of 
§ 2 as shown in figure 4. All of the unknown parameters (dielectric constant eoo, film 
thickness d, and unmeasured modes WLo.1, Wroll) were grouped into one constant. This 
constant and ywere varied in order to produce a best fit. 
Unfortunately it was not possible to produce suitable samples for the experimental 
configurations shown in figure 2(b) where the crystal c axis is in the plane of the sample. 
The easy crystal cleavage plane in this case was perpendicular to the sample plane and 
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Figure 3. Comparison of thin-film spectra for (a) CdBr2 and (b) Cdh obtained using the 
various experimental configurations shown in figure 2(a). All samples were at 1.7 K with 
spectral resolution of 1 cm-1 for transmission spectra and 2 cm-1 for reflection spectra. A, 
thin-film reflection; B, axial; C, tilted 60°; D, powder oo; E, powder, tilted 60°. 
such samples could not be produced quite thin enough without breaking up. Hence the 
Eu(Lo) and A2u(To) mode frequencies could not be measured in this work. 
The powder spectra for normal incidence shows a strong absorption near the Eu 
mode and a much weaker absorption near the A2u mode. When radiation is incident at 
60° the A2u mode absorption is much more pronounced. This indicates that the powders 
have a preferred orientation. Electron microscope pictures show that the powder consists 
of small platelets of approximately 20 t-tm across, lying flat on the sellotape surface. This 
may account for the difficulties some authors have in resolving the A2u mode in powder 
spectra. The absorption frequency for the mode (116 em - 1 is just above the single 
crystal Eu(TO) mode (113 em - 1) and the A2u mode (180 em - 1) is just below the crystal 
A2u(LO) mode (184 em - 1). This behaviour is consistent with the work of Martin (1970) 
on alkali halide powders. 
Figure 5 shows the 60° spectra for a range of single-crystal films. The samples are 
thicker than those used for the axial spectra, in order to emphasise the A2u(Lo) mode. 
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Figure 4. Theoretical fit (full curves) to experimental points (dots) for thin-film spectra of 
CdBr2 using the expressions derived in § 2. A, reflection, Y! 6 cm-1; B, axial, Y.L = 
10cm·1; C, tilted60°, Y.L 10cm·\ 111 = 6cm·1. 
Table 1. Lattice modes of CdCh and Cdh type crystals at liquid helium temperatures. Eu(TO) 
and A2u(Lo) are the infrared-active modes measured in this work from thin film spectra. The 
uncertainty of measurement is less than ±1 cm-1• Typical linewidths (FWHM) are less than 
15 em -t. The frequencies of the Raman-active modes (Eg, A1g) previously reported by other 
workers are also listed. 
ref for 
Compound Eu(TO) A2u(LO) Atg Atg 
Cdh 85 153 49 115 a 
CdBr2 113 184 81 151 b 
CdCh 156 239 135 236 b 
MgCh 250 ± 3 155 246 c 
MnCh 184 287 150 242 b 
FeCh 201 293 141 250 d 
CoCh 213 292 157 253 e 
NiCb 231 304 175 271 f 
CoBrz 167 235 98 161 g 
NiBr2 186 234 108t 169t h 
• Hayashieta/(1981) e Christie and Lockwood (1971) 
b Christie·(1973) (Co doped crystals) 1 Lockwood et al1979a 
c Jones and Tomblin (1978) g Lockwood et al (1979b) 
d Johnstone et al (1978) h C W Tomblin (private !communication) 
t Liquid air temperature 
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The CoCh spectrum shows evidence of water attack. A CoCh film that was allowed to 
hydrate showed strong absorption lines at 150, 190, 220 and 260 em - 1 which correspond 
to the extra inflections and absorption lines in the spectrum shown. This made it difficult, 
if not impossible, to identify the weaker A2u(Lo) mode in the more hygroscopic crystals. 
Table 1 gives the values for the Eu(To) and A2u(Lo) modes measured in this work 
and, for comparison, the low-temperature Raman-active modes (Eg, A1g) reported by 
previous workers. The linewidths of the infrared-active modes for all thin film samples 
were less than 15 cm-1 (FWHM) the narrowest being 7 cm-1 for the A2u(Lo) mode of 
CdCh. These appear to be much broader than the widths reported for the Raman-active 
modes which are usually resolution-limited below 12 K and hence are typically less than 
2 cm-1 wide (Christie 1973, Johnstone et al1978). 
4.2. Cdh 
Cdl2 has a slightly different structure from CdCh if grown from the melt (Montero and 
Kiefer 1973, Wyckoff 1963). The difference is in the repeat distance of the halide layer 
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Figure 5. Thin-film absorption spectra of tilted samples of various metal dihalide crystals. 
Beam incident at 60° to the normal of the sample plane. Sample temperature 1.7 K. Resol-
ution 1 cm-1• 
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positions. In CdClz every third chlorine layer is in an equivalent position, while in Cdl2 
every fourth iodine layer is in an equivalent position. Cdl2 has a space group Gv which 
gives seven Raman-active modes and four infrared-active modes. Montero and Kiefer 
(1973) found only three Raman lines. 
Nakashima (1975) and Zallen and Slade (1975) have both studied Pbi2 which has 
similar polytypes to Cdi2 • Their work shows how Pbh transforms from the structure 
D~d to Gv. Nakashima (1975) concludes that the space group C~v is equivalent to D~dif 
the nearest-neighbour iodine layer interactions are small. 
Figures 3 and 5 show that the infrared absorption spectrum of Cdi2 has the same 
general features as that of the CdClz type crystals. This reinforces the view that as far as 
the k = 0 modes are concerned the important feature of these layered compounds is the 
basic 1-Cd-I sandwich with strong forces between ions in this sandwich and only weak 
van der Waals bonding with the anions of adjacent sandwiches. 
Lucovsky and White (1977) have reported room-temperature infrared reflection 
spectra of Cdi2 single crystals and fitted the reststrahlen bands using a dielectric function 
constructed from damped lorentzian oscillators. Their room-temperature results for the 
Eu(TO) (79 cm-1) and A2u(LO) (152 cm-1) modes are within 6 cm-1 of the low-tempera-
ture values obtained by direct methods in this paper. This is quite good agreement since 
6 em - 1 is a typical increase in frequency for CdCh type lattice modes as the sample 
temperature is reduced from room temperature to that of liquid helium (Campbell 
1978). 
5. Conclusions 
Expressions have been derived for the transmission at non-normal incidence of infrared 
radiation through thin films of anisotropic crystals. The sellotape stripping technique 
has proved to be a very convenient method for producing thin films of the metal halide 
layered structures with a crystal c axis perpendicular to the plane of the film. Such films 
yield unambiguously the frequencies of the Eu(To) and A2u(LO) infrared-active modes. 
The nature of the easy cleavage planes in these materials precludes the fabrication 
of sufficiently thin films with the c axis in the plane of the film. This has meant that the 
frequencies of the Eu(Lo) and A2u(To) modes cannot be determined directly by the same 
method. Measurement ofthe anisotropic dielectric constants at high and low frequencies 
would allow the frequencies of these modes to be deduced through use of the 
Lyddane-Sachs-Teller relation modified for anisotropic crystals as has been done by 
Richman et al (1963) for LaCh. Another indirect method is to measure the reflectivity 
from a bulk crystal as Lucovsky and White (1976) have done for Cdl2 . 
Transmission spectra of powdered samples are shown to give misleading results 
which must be corrected for the finite size of the sample, the possibility of a preferred 
orientation of the platelets forming the powder and the effect of the embedding medium. 
Acknowledgments 
This work was supported by the New Zealand University Grants Committee. The 
authors are indebted to Dr G D Jones, Dr R W G Syme and Dr Z Schlesinger (Cornell) 
for many helpful discussions and C W Tomblin for measuring the low-temperature 
Raman-active modes of NiBr2 • 
1008 J A Campbell andRE M Vickers 
References 
Anderson A, LoY Wand Todoeschuck J P 1981 Spectrosc. Lett. 14 105-16 
Benedek G, Pollini I, Piseri Land Tubino R 1979 Phys. Rev. B 20 4303-7 
Berreman D W 1963 Phys. Rev. 130 2193-8 
Born M and Huang K 1954 Dynamical Theory of Crystal Lattices (London: Oxford University Press) pp 
124-5 
Campbell J A 1978 J. Phys. C: Solid State Phys. 11 L 795-7 
Christie J H 1973 PhD Thesis University of Canterbury, NZ 
Christie J Hand Lockwood D J 1971 Proc. 2nd Int. Conf. on Light Scattering in Solids 145-50 
Frohlich H 1948 Theory of Dielectrics 2nd edn (London: Oxford University Press) pp 153-5 
Hayashi T, Ohata Tand Koshino S 1981 Solid State Commun. 38 845-7 
JohnstoneiW, Lockwood D J andMischlerG 19781. Phys. C: Solid State Phys. 112147-64 
Jones G D and Tomblin C W 1978 Phys. Rev. B 18 5990-4 
Lockwood D J 1973 J. Opt. Soc. Am. 63 37 4-82 
Lockwood D J, Bertrand D, Carrara P, Mischler G, Billerey D and Terrier C 1979a J. Phys. C: Solid State 
Phys. 12 3615-20 
Lockwood D J, Mischler G, Johnstone I Wand Schmidt M C 1979b J. Phys. C: So/ill State Phys. 12 1955-75 
Lucovsky G and WhiteR M 1977 Nuovo Cim. 38B 291-9 
Martin T P 1970 Phys. Rev. B 1348(}-8 
Montero Sand Keifer W 1973 J. Raman Spectrosc. 1565-72 
Nakashima S 1975 Solid State Commun. 16 1059-62 
Pollini I, Spinola G and Benedek G 1980 Phys. Rev. B 22 6369-90 
Richman I, Satten R A and Wong E 1963 J. Chem. Phys. 391833-46 
WyckoffR W G 1963 Crystal Structures vall, 2nd edn (New York: Wiley-lnterscience) pp266-75 
Zallen Rand Slade M L 1975 Solid State Commun. 171561-6 
REFERENCES 
1. J.P. Ackerman, G.M. Cole and S.L. Holt, Inorganica 
Chimica Acta, § 323 (1974). 
150 
2. R.J. Bell, Introductory Fourier Transform Spectroscopy, 
Academic Press, New York (1972). 
3. D.W. Berreman, Phys. Rev., 130 2193 (1963). 
4. M. Born and H. Huang, Dynamical Theory of Crystal 
Lattices, Clarendon Press, Oxford (1954). 
5. G. Burns, Introduction of Group Theory with Applications, 
Academic Press, New York (1977). 
6. W. Brietling, W. Lehmann, T.P. Srinivasan, R. Weber 
and U. Durr, Solid State Comm., l_± 267 (1977). 
7. A. Brun, P. Mayer and B. Brait, J. Phys. C : Solid State 
Phys., 13 5775 (1980). 
8. J.A. Campbell, Ph.D. Thesis (1968). 
9. J.A. Campbell and R.E.M. Vickers, J. Phys. C 
State Phys., 16 999 (1983). 
10. J.A. Campbell, private communication. 
11. A. Chadwick, J.T.R. Dunsmuir, I.W. Forrest and 
A.P. Lane, J. Chern. Soc. (A), 2794 (1971). 
Solid 
12. W. Cochran and R.A. Cowley, J. Phys. Chern. Solids, 
23 447 (1962). 
13. B.T. Draine and A.J. Sievers, Optic Comm., ~ 425 (1976). 
14. H.D. Drew and A.J. Sievers, Applied Optics, 8 2067 (1969). 
15. U. Farro, Phys. Rev., 124 1866 (1961). 
16. M.L. Forman, J. Opt. Soc. Amer., ~ 978 (1966). 
17. H. Frohlich, Theory of Dielectrics, London: Oxford 
University Press (1948). 
18. C. Gouth, Phys. Bull., ~ 196 (1985). 
19. R.T. Hall and J.M. Dowling, J. Chern. Phys., 47 2454 
(1967) 
151 
20. I.W. Johnstone and L. Dubicki, J. Phys. C 
Phys., ll 4531 (1980a). 
Solid State 
21. I.W. Johnstone, D.J. Lockwood and M.W.C. Dharma-Wardana, 
Solid State Comm., ~~ 593 (1980b). 
22. I.W. Johnstone, G.D. Jones and D.J. Lockwood, Solid 
State Comm. ~ 395 (1981). 
23. R. Jorke and U. Durr, J. Phys. C 
.!.§. L1129 (1983). 
Solid State Phys., 
24. T. Kurosawa, J. Phys. Soc. Japan, 1~ 1298 (1961). 
25. H. Kishishita andY. Kaifu, J. Phys. Soc. Japan, 33 
142 (1972). 
26. W.P. Lehmann, W. Breitling and R. Weber, J. Phys. C 
Solid State Phys., 14 4655 (1981). 
27. D.J. Lockwood, I.W. Johnstone, H.J. Labbe and B. Brait, 
J. Phys. C : Solid State Phys., 16 6451 (1983) 
28. J.M. Longo and J.A. Kafalas, J. Solid State Chem.,l 
103 (1969). 
29. T.P. Martin, Phys. Rev. B, 1 3480 (1970). 
30. L. Mertz, Transforms in Optics, Wiley, New York (1965). 
31. G.L. McPherson and J.R. Chang, Inorg. Chern., 12 1196 
(1973). 
32. M. Melamud, H. Pinto, J. Makovsky and H. Shaked~ Phys. Stat. Sol. (b),~ 699 (1974). 
33. S.E. Nagler, W.J.L. Buyers, R.L. Armstrong and B. Brait, 
Phys. Rev. B 27 1784 (1983). 
34. S. Nakajima, Y. Toyozawa, R. Abe, The Physics of 
Elementary Excitations, Springer-Verlag, 
Berlin, Heidelberg, New York (1980). 
35. H.H. Sample and L.G. Rubin, Cryogenics, 17 597 
(1977). 
36. H. Shiba, Prog. of Theor. Phys., 64 466 (1980. 
37. M.J. Taylor, Phys. Rev. Lett.,~ 405 (1969). 
152 
38. R.E.M. Vickers, M.Sc. Thesis, University of Canterbury 
(1981). 
39. D. Walton, T. Timusk and A.J. Sievers, Rev. Scient. 
Inst., ~ 8 (1971). 
40. S. Zwerd1ing, R.A. Smith and J.P. Theriault, 
Infrared Phys., 8 271 (1968). 
